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Abstract 
 In Nature, hydrogen (H2) is used both as a fuel source and as a facile way to control the 
pH to biological systems.  Hydrogen possesses many characteristics that make it desirable as a 
clean fuel: H2 can ideally be derived from water (or mildly acidic aqueous conditions), and the 
combustion of hydrogen with air yields water as a byproduct, rather than carbon based wastes 
(C, CO, CO2, etc.).  Thus the storage of energy in the form of hydrogen is a desirable goal.  
Nature uses the enzymatic system of hydrogenases (H2ases) to reversibly convert protons and 
electrons into H2.  The two primary H2ases are the [FeFe] and [NiFe]-H2ases, aptly named for the 
metals present at the active sites.  Both H2ases possess numerous unique features, including FeS 
cluster to relay electrons, CN and CO ligands to maintain low spin metal centers, and thiolate 
ligands and internal bases near the metal active sites.   The inclusion of ferrodoxin clusters in 
both families of H2ases, as well as the fact that a ferredoxin cluster is present in the H-cluster of 
[FeFe]-H2ase, suggests that the utilization of redox-active ligands may be able to stimulate novel 
reactivity in model systems.  Chapter 1 of this thesis introduces the concept of redox-active 
ligands, as well as presenting a brief overview of substitutional changes at the cyclopentadiene 
rings that lead to changes in electrochemical response of ferrocene (Fc).  Chapter 1 also provides 
an overview of current model systems for H2 generation and oxidation derived from H2ase model 
systems. 
 In Chapter 2, synthetic considerations are taken into account for the design of redox-
active ligands.  The beauty of the Fc core lies in both its stability and ease of functionalization.    
Synthetic routes to ferrocenyl phosphine complexes are presented.  Routes allow for variability 
in ligand synthesis, allowing the Fc core electronics to be altered by both the number of methyl 
groups and the identity of the phosphine linker atom.  Furthermore, exploration of these redox 
active ligands in metal systems was explored.  Both Mo and Ir systems were studied to gauge the 
effect of metal binding on the ligand redox potential.  The effect of stereochemistry and the 
presence of multiple ligands were also explored.  Iridium systems were constructed reminiscent 
of Vaska’s complex, and it was found that the presence of electron holes on the ligands lead to 
unique oxidative addition reactions.   
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 Chapter 3 describes the implementation of highly reducing ferrocenyl phosphine ligands 
in FeFe models.  Addition of ferrocenyl phosphine ligands to [FeFe]-H2ase model systems 
yielded a complex containing two accessible electrons and an internal base, all of which in turn 
were able to produce H2 in the presence of excess acid.  When additional reductant was present, 
these [FeFe]-H2ase systems became catalytic.  Variations in the catalytic system were 
implemented and explored.  Catalytic behavior was also observed when the redox active ligand 
was not covalently detached, but no reactivity was observed when the internal base was removed 
from the system.  While catalysis was slow, multiple turnovers were observed, and the system 
features low overpotentials in catalysis.   
 Chapter 4 describes the synthesis of Fe(dithiolate)(diphosphine)(CO)2 complexes as 
building blocks to yield bimetallic model systems.  When models are constructed with non-rigid 
disphosphine ligands, the synthesis and isolation of FeFe systems proves challenging.  However, 
the comproportionation reaction of Fe(dithiolate)(diphosphine)(CO)2 with an Fe
0
 source proved 
to be a high yielding synthetic route to unsymmetrical FeFe complexes.  The utilization of 
Fe(dithiolate)(diphosphine)(CO)2 units also led to the synthesis of MnFe and CoFe systems.  
MnFe and CoFe systems were also studied as possible [FeFe]-H2ase models. 
 Chapter 5 describes work with cobalt systems with respect to hydrogen generation.   
Implementation of redox active ferrocenyl ligands into cyclopentadienylcobalt complexes was 
investigated, attempting to utilize Co
I
 platforms for hydride formation and subsequent H2 
generation.  Chapter 5 also describes the synthesis of cobalt systems designed to mimic [FeFe]-
H2ase.   The Fe(CO)3 moiety of Fe2(xdt)(CO)6 was replaced with CpCo, and in some cases 
Cp′Co.  These CpCo systems were found to reversibly protonate, allowing for the determination 
of pKa values.  The effect of changing the Cp unit and dithiolate were also explored with respect 
to pKa and oxidation potentials.  Furthermore, a one-electron oxidized system was synthesized 
and investigated by EPR.   
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Chapter 1: 
Introduction: Overview of Redox-Active Ligands and Hydrogen Production 
 
1.1  Overview of Redox Active Ligands. 
In the past several decades, the subject of redox-active ligands has been topical in 
organometallic chemistry.  The motivation behind the development of redox active ligands 
revolves around enabling first row transition metal compounds to perform multi-electron 
chemistry.  While second and third row transition metals typically undergo two-electron 
chemical transformation (hydrogenation, oxidative addition, reductive elimination, etc.), first 
row transition metals typically undergo one electron changes. Thus, many precious metals are 
well utilized for multi-electron catalytic processes.  However, due to considerations such as cost 
and scarcity, it is desirable to impart first row transition metals with the ability to perform multi-
electron processes.  A well utilized strategy in the past several decades has been to couple 
electrons from ligands with electrons from a metal center, allowing for multi electron transfer.   
1.1.1 Quinone Based Redox Active Ligands. 
While many ligands have been found to be redox active, two main classes dominate the 
literature.  The first class is quinone-based ligands, where X can be O, NR or S atoms, or a 
mixture of the two (Scheme 1.1).  These ligands can exist in three distinct states, in the case for  
 
 
Scheme 1.1  Representation of a quinone ligand bound to a metal center, and the various 
oxidation states it may possess. 
 
X=O, the quinone, semiquinone and catecolate states.  These ligands are highly tunable, as the 
atom of connectivity (i.e. O, NR, or S), as well as the backbone of the structure, can be tailored 
to alter the reactivity and size in order to suit various needs.  However, an important feature of 
these ligands is their ability to remain bound to the metal throughout the redox changes on the 
metal and/or ligand.  The Heyduk lab has used redox non-innocent amidophenolate Ligands to 
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perform oxidative addition at Zr
IV
 (d
0
) centers (Scheme 1.2), whereby the required electrons are 
derived from the ligands, rather than the metal.
1
  The Tanaka group has improved upon 
ruthenium water oxidation catalysts by employing quinone ligands, which enhance the acidity of  
 
 
 
Scheme 1.2  Oxidative addition afforded at a formally Zr
0
 center. 
 
 
Figure 1.1  Decrease in pKa value observed when a bipyridine ligand is replaced with a quinone 
ligand.   
 
bound water molecules allowing for easier oxidation of water to oxygen (Figure 1.1).
2-4
  The 
Soper lab has used cobalt aminophenolate complexes, rather than palladium, as a catalyst for 
Negishi coupling.
5
  In that system, oxidation takes place at the ligands, rather than the metal 
center, which retains the same oxidation state throughout the cycle (Scheme 1.3). 
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Scheme 1.3  Negishi-like cross coupling utilizing a Co
III 
center as the catalyst.  Note that the 
cobalt oxidation state does not change, while the amidophenolate (ap) ligands are oxidized to 
semiquinonates (isq). 
 
1.1.2  Metallocene Based Redox Active Ligands. 
A second class of noteworthy redox active ligands is the metallocene ligand family.  Though not 
as widely utilized as quinone-type ligands, metallocenes can also be altered both electronically 
and sterically (Figure 1.2).  While a wide variety of metallocenes have been synthesized, the 
primary ones modified into ligands are when M = Fe or Co.  In both cases, one electron is 
available, though with cobalt, the electron is available at much more reducing potentials.  While 
this can be advantageous, it also makes manipulating cobaltocene ligands more difficult.  Unlike 
the quinone family, these ligands, when bound, have not been shown to dissociate in the course 
of redox reactions.  However, this class of ligands requires a point of attachment, most frequently 
via a built in linker atom.   Popular linkers include nitrogen, sulfur, and phosphorus atoms, which 
allow the redox active moiety to behave as a ligand, rather than a reactant or reagent in solution.   
 
 
Figure 1.2  Base structure of a metallocene where R, as well as additional ring positions can be 
substituted as desired.   
 
 One of the best known works using redox active metallocenes was demonstrated by the 
Wrighton group.  They showed that by changing the oxidation state at the bound ligand, the 
reactivity of the parent molecule was altered.  They found that for rhenium carbonyl complexes 
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containing dppc as a ligand, nucleophilic attack of azide or trimethylamine N-oxide at a carbonyl 
group was faster when the dppc ligand was in the oxidized state.
6
  They also found that the 
stretching frequencies of the carbonyl bands (abbreviated as ν(CO) ) increased by up to 25 cm-1 
upon one electron oxidation of pendant ferrocene or cobaltocene ligand.
7
    Furthermore, when 
dppc was employed with rhodium complexes, significant differences in reactivity were noted 
depending on the oxidation state of dppc (Figure 1.3).
8
  When the rhodium complex was in the 
oxidized state, the complex was an efficient hydrosilation catalyst.  However, once the rhodium 
complex was oxidized at the dppc ligand, hydrosilation was sluggish, why hydrogenation was 
much faster.  Changes in the hydrogenation reaction were also reversible; if oxidant was added, a 
decrease in rate was immediately observed, whereas a return to earlier rates was noted upon the 
further addition of reductant.   
 
Figure 1.3  Reactivity changes as a function of the oxidation state of the metallocene ligand. 
 
 In discussing redox active ligand systems, it becomes pertinent to discuss the Robin-Day 
classification of mixed valence metal systems.  In 1967, Robin and Day introduced a 
classification system by which mixed metal systems could be classified (Figure 1.4).  The Robin-
Day system contains three classes.  In Class 1, a clear distinction in oxidation states can be 
observed based on the location of the specific ions of study.  In Class 3, the charge is recognized 
as fully delocalized, such that no difference is observed between the two atoms in question.  
Class 2 refers to intermediacy between Classes 1 and 3.   
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Figure 1.4  An example of the three classes in Robin-Day classification scheme. 
 
1.1.3  Substituent Effects on the Redox Couple of Metallocenes.  
While a large variety of metallocenes exist, only a few have been converted into ligands. 
The most popular metallocene based ligands contain either iron (Fc) or cobalt (cobaltocene).   
From an electrochemical standpoint, cobaltocenes are much better reducing agents, but 
consequently these ligands are also much more air sensitive.  While Fc’s are normally poor 
reducing agents, the addition of alkyl groups at the rings has been shown to greatly increase their 
reduction potentials.  Due to the rather air sensitive nature of cobaltocene derivatives, 
modifications have been performed on Fc scaffolds to a greater degree than on cobaltocene 
scaffolds.  In order to gauge the effect of a substituent in a Fc derivative, the derivative is 
compared to Fc itself.  The Fc couple, as fully reversible one electron event, has been 
recommended by the International Union of Pure and Applied Chemistry as a well defined 
electrochemical reference in non-aqueous solvents.
9
  Therefore, it has become commonplace to 
report electrochemical potentials with respect to the Fc couple when working in non-aqueous 
solvents. Thus, for the remainder of this thesis, all electrochemical potentials will be referenced 
to the Fc
0/+
 couple.  In instances where the literature has chosen a different reference electrode, 
the potential will be converted accordingly (the Ag/AgCl to Fc
0/+
 conversion used in this work is 
+420 mV).
10
  While a variety of working electrodes can be used for cyclic voltammetry (glassy 
carbon, Pt, Au, etc.) the choice of electrode has not been shown to have an observable bearing on 
redox potentials.   
Much synthetic work has been done with Fc to tune the redox potential of the iron center 
by functionalizing the Cp rings.   A large amount of literature is available that details the effect 
of various substituents on the oxidation potential of Fc.  A sampling of this data is shown in this 
thesis.  While Fc is the abbreviation for ferrocene, Fe(C5H5)2, Fc is also used to denote the 
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Fe(C5R5)2 scaffold.  The structures of several substituted Fc’s are shown in Figure 1.5, along 
with their abbreviations.  Several of the following tables (Table 1.1-1.5) gauge the effect of 
particular substituents on the redox potential of the Fc core.   As can be seen from Table 1.1, full 
methylation of the Fc core leads to quite the negative oxidation potential.   
 
 
Figure 1.5  Sampling of the naming pattern when abbreviating Fc derivatives. 
 
Table 1.1  Known Methylated Fcs and Their One-Electron Redox Couple. 
Molecule E1/2 (mV) 
Fc 0 
FcMe -60
a 
FcMe2 -110
a
 
FcMe4 -237
11
 
FcMe5 -270
b 
1,1',2,2',3,3'- 
FcMe6 
-335
11
 
Fc
#
 -440
b 
FcMe9 -490
b 
Fc* -550
b 
Potentials were measured by cyclic voltamatery in dichloromethane using 0.1-0.2 M TBA[PF6] and 1mM analyte.  
a
Referenced internally to FcMe10, then back calculated.  
b
Referenced internally to Fc. 
 
The effect of non-Me alkyl groups as also been studied with respect to the ferrocene core.  
Unsurprisingly, little difference is seen between Me and Et group substitution, where each Et 
group also shifts the reduction potential ~50 mV more negative compared to Fc.
12
  However, 
larger alkyl groups, such as 
i
Pr, 
n
Bu and 
t
Bu groups do not give as predictable of a trend as either 
Me or Et groups.  While the larger alkyl groups appear to shift the oxidation potential of the 
ferrocene negatively with respect to Fc by a larger degree than Me or Et groups, upon 
incorporation of more than two bulky substituents produces an unpredictable trend, rationalized 
by steric congestion (Table 1.2).  Oxidation at the iron leads to a shortening of the iron-centroid 
distances, bringing the sterically bulky groups in closer proximity to one another. 
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Table 1.2  Redox Potentials of Various Alkylated Ferrocenes. 
Molecule E1/2 (mV) 
Fc(
i
Pr)6 -190
13
 
Fc(
i
Pr)8 -380
13
 
Fc(
n
Bu) -70
14
 
Fc(
t
Bu) -75
14
 
Fc(
t
Bu)2 -300
15
 
Fc(
t
Bu)4 -240
16
 
 
The effect of non-alkyl groups on the Fc reduction potential has also been studied 
intently.  Bulky, non-alkyl groups display a similar unpredictability in redox potential as a 
function of number of substituents.  For example, the addition of Ph or –SiMe3 groups does not 
produce an immediately predictable trend (Table 1.3).   
 
Table 1.3  Redox Potentials of Bulky, Non-Alkylated Ferrocenes. 
Molecule E1/2 (mV) 
FcPh2 50
12
 
1,2,4-FcPh3 80
12
 
1,1′,3,3′-FcPh4 110
12
 
1,2,3,4-FcPh4 90
12
 
FcPh8 30
17
 
1,2,4-Fc(SiMe3)3 17
18
 
1,1′,3,3′-Fc(SiMe3)4 33
18
 
1,1′,2,2′,4,4′- Fc(SiMe3)6 -104
18
 
 
For smaller, non-alkyl substituents, several conclusions can be drawn.  For one, if the 
functional group is not present directly on the Cp ring, the Fc redox potential behaves similarly 
to the analogous methylated ferrocene.   For example, the redox potential of 1,1′-Fc(CH2NMe2) 
is -40 mV
19
, where the potential for 1,1′-Fc(NMe2)2 is -630 mV
20
.  Replacement of the methyl 
groups on the amine with hydrogen atoms leads to a modest change in redox potential, as 1,1′-
Fc(NH2)2 displays a redox couple at -602 mV.
21
  Fc’s containing ketyl or formyl groups directly 
bound to the Cp ring exhibit a substantial shift to more positive oxidation potentials, while the 
shift for ferrocenyl alcohols is not as drastic (Table 1.4).  As such, acetyl-ferrocenium is a potent 
oxidizing agent.
22
  The shift to positive oxidation potentials for acyl and ketyl groups is additive; 
a second acyl group further shifts the potential to more positive potentials.  Additionally, when 
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alkyl groups-which shift the redox couple to negative potentials-and acyl groups are both 
present, the effects of both are additive, resulting in potentials between the two parent 
compounds.  Halogenated Fc’s, such as FcBr (+170 mV),23 1,1′-FcBr2 (+350 mV)
23
 and FcI 
(+170 mV)
24
 manifest their electron withdrawing ability by shifting potentials positive to that of 
Fc. 
 
Table 1.4  Redox Potentials of Functionalized Ferrocenes. 
Molecule E1/2 (mV) Molecule E1/2 (mV) 
Fc(CHO) 350 1,1′-Fc(COOH)2 460
25
 
1,1′-Fc(CHO)2 580 1,1′-Fc(COOMe)2 530 
Fe(CpMe4)(CpMe4CHO) -120 Fe(CpMe4COOH)2 20 
Fe(CpMe4CHO)2 150 Fc(CH2OH) 20 
Fc(C(O)Me) 270 1,1′-Fc(CH2OH)2 -10 
Fc(C(O)Ph) 270 Fe(CpMe4CH2OH)2 -400 
Fc(COOH) 230   
 
With amino groups directly bound to the cyclopentadienyl rings the Fc displays a shift to 
negative potentials, the opposite is observed for phosphino groups, though not to as large of an 
extent.  Furthermore, the additional substituents present on the phosphorus atom have been 
shown to affect the redox potential of Fc. Comparing dppf to Fc(CH2PPh2)2, the methylene 
spacer insulates the ferrocenyl core, which results in the potential of Fc(CH2PPh2)2 being closer 
to the potential of FcMe2 than to that of dppf (Table 1.5). 
 
Table 1.5  Selected Redox Potentials of Ferrocenyl Phosphine Complexes.  
Molecule Potential, mV  
Fc(PPh2) 140
7
 
1,1′-Fc(PPh2)2 180
26
 
1,1′-Fc(CH2PPh2)2 -50
27
 
Fe(C5Me4PPh2)2 -400
26
 
1,1′-Fc(P(Ph-o(OMe))2)2 60 
1,1′-Fc(P(Ph-o(iPr))2)2 180 
1,1′-Fc(P(PhF5)2)2 470 
 
Perhaps one of the most interesting substituents to consider on Fcs is another Fc, leading 
to the formation of multiferrocenyl complexes possessing multiple redox couples.  The simplest 
multiferrocene complex is biferrocene (Figure 1.6), which exhibits two redox couples, one at -
9 
 
100 and the second at +250 mV.  Triferrocene displays three unique couples at -180, +40 and 
+420 mV.
28
  Electrons are proposed to be removed in such a way as to minimize electrostatic 
interactions (Figure 1.7). For other biferrocenyl complexes that are linked by conjugated bridges, 
the separation between the two peaks can range from 160 mV to 360 mV.
29
   
 
 
Figure 1.6  Chemical structure of biferrocene, Fc2. 
 
 
 
Figure 1.7  Chemical structure of triferrocene and the proposed order of oxidation of the iron 
centers. 
 
Multiferocenyl phosphine complexes have also been studied.  Fc has been found to react 
with chlorophosphines under Friedel-Crafts conditions to generate a variety of ferrocenyl 
phosphines, depending on the chlorophosphine used (Figure 1.8).
30
  This has opened the door to 
study the effect of oxidation of one ferrocenyl unit on subsequent redox couples within the same 
compound.  A wide variety of multiferrocenyl compounds have been investigated and several 
conclusions have been made.  First, the use of a less coordinating electrolyte in the form of 
[Bu4N]BAr
F
4, as opposed to either [Bu4N]PF6 or [Bu4N]ClO4, allows for better separation of 
closely related peaks and simplier waveforms.  Second, many multiferrocenyl phosphine 
complexes give complicated electrochemistry, which can be simplified upon the addition of a 
chalcogen (O, S or Se) to the phosphorus atom (however, addition of previously mentioned 
chalogen prevents the phosphine from acting as a ligand).  Lastly, while there is no direct trend, 
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Fc’s that are conjugated to one another tend to display multiple peaks, while unconguated Fcs 
often display a single peak for multiple redox processes.  The effect of conjugation is even more 
pronounced when multiple Fc based ligands are present in metal systems in equivalent positions.  
For example, complexes such as cis-PtCl2[PPh(CH2CH2-η
5
-C5H4)2Fe]2,
31
 trans-
PdCl2[PPh(CH2CH2-η
5
-C5H4)2Fe]2,
31
 and [Pt4(μ-OCOFc)n(μ-ArNCHNAr)4-n)]
32
 display only one 
redox event, despite the multiple Fcs present. 
 
 
Figure 1.8  Route to multi Fc based phosphines under Friedel-Crafts conditions. 
 
Fc based polymers have also garnered considerable attention in the past several decades.  
Pioneered by the Manners group, Fc can either be worked into the polymer backbone, or be 
found to dangle off the main polymer (Figure 1.9).  The most common synthetic route to 
polymers containing Fc as part of the backbone involves ring-opening metathesis polymerization 
(ROMP) of ferrocenophane species.  The mechanism of this ROMP has been found to involve 
ring displacement of one Cp ring which then binds to an adjacent iron center.
33
  Investigation of 
Fc polymers and Fc oligomers (4 > Fc’s) reveals two primary peaks, with the first oxidation 
attributed to oxidation of alternating iron units, with subsequent oxidation yielding the fully 
oxidized polymeric or oligomeric chain.   
 
 
Figure 1.9  Representative examples of polymers containing ferrocene as an internal unit 
(Manners group)
34
 or as dangling from the main polymer branch (Wallace group)
35
. 
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1.2  Overview of Hydrogen Production. 
Current projections of future energy sources is currently done by assuming a move away 
from carbon rich sources (ex. coal), and more toward alternative sources, such as solar, wind and 
renewable such as biofuels and hydrogen.  Hydrogen presents an intriguing case as an energy 
source, as the H-H bond is worth 104 kcal/mol of energy.  As such, the oxidation of hydrogen is 
the primary driving force for a hydrogen based fuel cell, along with the ORR.  Even though it is 
the oxidation of hydrogen that provides energy, the synthesis of hydrogen under catalytic 
conditions is of great interest, as it provides a route to a desirable energy source.  In addition to 
using hydrogen as an energy source, hydrogen has many other uses, such as in the synthesis of 
ammonia by the Haber-Bosch process and the hydrogenation of olefins to hydrocarbons. 
Industrially, hydrogen is produced by a variety of methods, with the leading method being steam 
reforming (Equation 1) followed by the water gas shift reaction (Equation 2). However, this 
process generates CO2, an unwanted byproduct.   
 
 
 One ideal source of hydrogen is from protons, either in the form of water or in an acidic 
medium.  However, in order to generate hydrogen in such a way, catalysts must be employed.  
Many rare earth catalysts specialize in the reduction of protons to hydrogen, most notably 
platinum.  Platinum is a very efficient catalysts for the reduction of protons to hydrogen, 
however it suffers due to high cost and low natural abundance.  Thus, developing cheaper, 
efficient catalysts is a noble goal.   
1.2.1  Biological Hydrogen processing by Hydrogenase Enzymes. 
In looking for inspiration for hydrogen production, examples from Nature offer many 
clues and advice.  Nature utilizes hydrogen as an energy source by the use of Hydrogenase 
(H2ase) enzymes.  There are two primary classes of hydrogenase enzymes, the [FeFe]-H2ase, and 
the [NiFe]-H2ase (Figure 1.10), aptly named for the metals they contain at their active sites.  A 
third class exists, which contains a mono-Fe active site ([Fe]-H2ase), but the iron center is redox 
inactive. The [Fe]-H2ase enzyme also does not interconvert protons and electrons into hydrogen, 
but rather reversibly catalyzes the hydrogenation of a specific substrate 
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(methylenetetrahydromethanopterin, or methenyl-H4MPT
+
) during the biological interconversion 
of CO2 and methane.  Both bimetallic H2ase enzymes are extremely efficient at both the 
formation and oxidation of hydrogen, with high rates and low overpotentials (~80mV).  While 
Nature possesses two unique types of hydrogenase (H2ase) enzymes, the work within this thesis 
focuses exclusively on the [FeFe]-H2ase.  As such, only models of [FeFe]-H2ase will be 
described in this work.  Several reviews which include discussion of [NiFe]-H2ase and [Fe]-
H2ase are available.
36-39
 
Work has been done to place H2ase enzyme onto electrodes as catalysts for both 
hydrogen evolution and hydrogen oxidation.
40
 While the activity of these catalysts is similar to 
that of Pt metal, the enzymes themselves are rather large, decreasing the current density when 
considering the enzyme volume.
37
  While using the enzymes themselves at catalysts at electrodes 
provides several advantages, such as very low overpotentials.  Another advantage is the fact that 
enzymes are both biodegradable and easily renewable, though their isolation may be tricky. 
However, affixing enzymes to electrodes as catalysts is also met with disadvantages.  Many 
H2ase enzymes are deactivated in the presence of oxygen.  Also, transferring current from the 
electrode to the active site can often be difficult, as the active site of many enzymes can be 
buried deep within the protein core.   Replicating the activity of the active site, rather than 
affixing the enzyme to the electrode,  would cut down on the catalyst volume, and allow for 
easier tuning to compensate for air sensitivity. 
 
 
Figure 1.10  Structures of the active sites of [FeFe] and [NiFe]-H2ase. 
 
Crystallographic and spectroscopic information have elucidated the structure for the 
active site of the [FeFe]-H2ases.
41
  The active site consists of a conventional Fe4S4 cluster 
attached via the sulfur atom of a cysteinyl residue to an organometallic Fe2S2 subcluster.  
Collectively, the Fe6S6 cluster is known as the "H-cluster".  Spectroscopic evidence suggests that 
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the attached Fe4S4 cluster mediates electron transfer during catalysis.
42
  Most [FeFe]-H2ases are 
endowed with other Fe-S clusters that relay electrons into and out of the active site.  The 
essential nature of the adt was recently confirmed by reconstitution of the apoenzyme with 
several versions of [Fe2[(SCH2)2X](CN)2(CO)4]
2-
.
43-44
   Hydrogen evolution was only observed 
in the case of X = NH, even though the protein assembled for X = O and CH2.   
Synthetic models have focused primarily on replicating the Fe2S2 subcluster.  The Fe2S2 
subcluster consists of a butterfly structure, wherein two Fe(CN)(CO) sites are asymmetrically 
bridged by one CO and symmetrically bridged by two sulfur atoms of an organic azadithiolate 
([adt
H
]
2‒
) cofactor, [(SCH2)2NH]
2‒
.
45
  The diatomic ligands (CO, CN
‒
) stabilize Fe in a low spin 
configuration.  Hydrogen bonding to the Fe-CN centers rigidifies the active site within the 
protein.  The adt
H
 relays protons to and from the distal iron (Fe
d
, the iron furthest from the Fe4S4 
cluster) during catalysis.
43
  When [adt
H
]
2‒
 is replaced by [(S2(CH2)3]
2‒
 (pdt
2‒
) or [(SCH2)2O]
2‒
, 
the protein ceases to be active.
43
  The protonation state of the amine in the dithiolate cofactor is 
unknown. 
Two catalytic states are recognized for [FeFe]-H2ase, Hred and Hox (Scheme 1.4).  The 
diiron core in Hred is diamagnetic whereas in Hox one unpaired electron is present, exhibiting a 
characteristic axial EPR signal centered at g = 2.1.  The better characterized Hox state is a 
convenient starting point for discussing a catalytic cycle.  Hox is known to bind CO at the apical 
site on Fe
d
.
46-47
  The resulting adduct Hox
CO
 is catalytically inactive because this exogenous CO 
occupies the site that is proposed to bind H
-
 and H2 during the catalytic cycle.
48
  The electron 
spin on Hox
CO
 is more delocalized than in Hox, reflecting the fact that the two Fe centers are more 
similar, as both irons are quasi-octahedral in this instance.
49-50
  This electronic delocalization 
illustrates the responsiveness of the proximal iron (Fe
p
) to the coordination environment of Fe
d
.  
The binding of H2 can also be assumed to induce electronic reorganization of the diiron center. 
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Scheme 1.4  Proposed catalytic mechanism for [FeFe]-H2ase. 
The mechanism for [FeFe]-H2ase is proposed to involve H2 binding to the apical site on 
Fe
d
, concomitant with deprotonation and one-electron oxidation, which produces a diferrous 
hydride, Hred.  Upon conversion of Hox to Hred, the bridging CO ligand shifts slightly toward Fe
d
.  
The diferrous hydride is susceptible to oxidation coupled to deprotonation, i.e., PCET, to yield a 
second proton, regenerating Hox.  Production of H2 occurs by reversing this pair of PCET 
reactions.  The adt
H
 cofactor performs two relays per H2 oxidized or H2 produced.  The existence 
of a discrete dihydrogen intermediate is uncertain and has not been observed.  The electrophilic 
site in Hox is the distal Fe, which is proposed to reside in the Fe
I
 oxidation state, an oxidation 
state that is not typically observed for H2 adducts.
51
   
In addition to the mechanistically crucial Hred and Hox, additional states of uncertain 
mechanistic roles have been identified.  These include Hsred, a "super-reduced" state wherein both 
the diiron and the Fe4S4 sites are reduced.
52
 Additionally, in the states Htrans and Hox
air
, the Fe
d
 
site is partially oxygenated.
53
   
1.2.2 Transition Metal Mimics of [FeFe]-H2ase. 
1.2.2.1 Structural Features and Models of [FeFe]-H2ase. 
The earliest model for the [FeFe]-H2ase was the dianion [Fe2(pdt)(CO)4(CN)2]
2‒
, 
described independently by three groups at nearly the same time.
54-56
  Later models were able to 
incorporate the biologically relevant azadithiolate cofactor along with cyanide.  A comparison of 
carbonyl and cyanide stretching frequencies in the IR spectrum is given in Table 1.6.   
 
 
 
 
15 
 
Table 1.6  IR Data for Selected Enzyme and Model Complexes in the νCO/CN Region. 
Species νCO (cm
-1
) νCN (cm
-1
) 
Hox (D. desulfuricans)
46
 1965, 1940, 1802 2093, 2079 
Hox
CO
 (D. desulfuricans)
46
 2016, 1971, 1963, 1810 2096, 2088 
Hred (D. desulfuricans)
49
 1965, 1916, 1894 2079, 2041 
[Et4N]2[Fe2(pdt)(CO)4(CN)2]
a 54
 1962, 1921, 1883 2076 
[Et4N]2[Fe2(adt
H
)(CO)4(CN)2]
a 57
 1963, 1922, 1884, 1875 2075, 2032 
aFTIR bands reported in acetonitrile solution. 
 
 One of the earliest discrepancies noted in molecular mimics when referenced to 
biological systems involved the geometry about the Fe centers.  Ignoring the Fe-Fe bond, each 
Fe center can be thought of having a square pyramidal geometry, with an ‘open’ coordination 
site located between the two Fe centers.  However, in biological systems, the distal Fe possesses 
the open coordination site below the nitrogen in the azadithiolate cofactor, and the bridging 
position is occupied by a CO molecule.  This structure is colloquially referred to as the ‘rotated’ 
structure.  The rotated structure is viewed as an intermediate in the pathway for interchanging the 
apical and basal sites in Fe2(SR)2(CO)6-xLx (Scheme 1.5).
58
  Beyond its relevance to the 
 
 
 
Scheme 1.5  Possible rotation about Fe centers to yield transient “rotated structure”. 
 
stereodynamics of these diiron complexes, it is possible that the Hred state adopts this same 
structure.  An additional possibility is that Hred is actually a hydride complex, with the terminal 
hydride being invisible to protein crystallography.  IR eveidence seems to suggest that the Hred 
state does not involve a bound hydride ligand (compare rows 3 and 5 of Table 1.6), but it should 
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be noted that a terminal hydride has not been characterized in cyanide containing molecular 
models.  Molecular mimics of the rotated structure have been stabilized by unsymmetrical 
substitution
59
 and by bulky dithiolates that sterically clash with ligands at an apical site.
60-62
 
Although some ambiguity exists for the importance of the rotated structures for reduced diiron 
complexes, the one-electron oxidized state, Hox, clearly adopts a rotated structure. 
 One structural feature of [FeFe]-H2ase that many neglect to mimic is the adjacent Fe4S4 
sub cluster covalently attached through a cysteine linker.  The role of this Fe4S4 cluster, as well 
as additional Fe4S4 clusters present in the protein scaffold, is to shuttle electrons to and from the 
Fe2 sub cluster during hydrogen production and oxidation.  This additional feature is left out and 
often thought to be replaced with an electrode during the HER.  However a few groups have 
taken the adjacent Fe4S4 into account, most notably the Pickett group, which developed a full 
F6S6 model (Figure 1.11).  While this compound is able to electrochemically reduce protons to 
hydrogen, it requires high overpotentials and lacks the biologically relevant adt cofactor.   
 
 
Figure 1.11  [FeFe]-H2ase model developed by the Pickett Group containing the Fe4S4 
subcluster attached to the Fe2 cluster. 
 
1.2.2.2 Protonation Behaviors of [FeFe]-H2ase Models. 
As [FeFe]-H2ase concerns the reaction of protons and electrons to form H2, the 
protonation behavior of molecular mimics is of great interest.  Diiron(I) dithiolates containing a 
nitrogen atom in the dithiolate bridgehead position can undergo protonation at four distinct sites 
(Figure 1.12): at a single Fe center to give a terminal hydride (term-H, A), at the Fe-Fe bond to 
give a -hydride (), at the sulfur (C), and at the amine of the dithiolate (D).  The 
regiochemistry of protonation to form a hydride is indicated by 
1
H NMR spectroscopy: the signal 
for terminal hydrides is located  around ‒4, whereas signals for bridging hydrides are found 
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near ‒15.63  The term-hydrides are biomimetic, but also short lived and thus  -hydrides have 
been more extensively studied.
64
  Reversible protonation at sulfur is observed for certain Fe
I
Fe
I
 
dithiolates
65
 and has been seen in MnFe mimcs.
66
  Sulfur protonation is a proposed step en route 
to protonation at Fe for models lacking adt
R
.
63
  In cyanide containing models, an additional 
protonation site at the terminal nitrogen is also available. 
 
Figure 1.12  Possible protonation site of [FeFe]-H2ase model complexes. 
 
Protonation of the substituted derivatives Fe2(SR)2(CO)6-xLx has long been known to 
afford -hydrido derivatives.67  Although structurally nonbiomimetic, these -hydrides exhibit a 
number of interesting properties including photo-induced exchange with D2O and D2.
68
  In most 
-hydride derivatives, CO groups are trans to hydride, whereas in the enzyme the sites trans to 
the bridging position are not occupied by CO.  For the unsymmetrical complexes 
Fe2(xdt)(CO)4(chel) (chel = bidentate ligand), transient terminal hydrides are observed by low 
temperature NMR spectroscopy, but they isomerize to bridging hydrides above about ‒40 ºC.69-74  
Protonation is observed at both the Fe(CO)3 and Fe(CO)(chel) sites.  For symmetrical 
Fe2(xdt)(CO)4(PR3)2 compounds, terminal hydrides have been proposed as initial protonation 
products, but they have not been observed even at low temperatures.
75
   
1.2.2.3  Redox Chemistry of Functional [FeFe]-H2ase Models. 
In addition to protonation behavior, the redox behavior of Fe2 models is also of 
considerable interest, as the other component to hydrogen formation besides protons is electrons.  
Furthermore, the one electron oxidized version of [FeFe]-H2ase has been well characterized 
biologically, and allows for a good comparison in synthetic models, both by EPR and FTIR.  The 
oxidation potential of Fe2 models is sensitive to a number of factors, primarily though the degree 
of substitution at the Fe(CO)3 centers and the identity of the substituting ligands.  A survey of 
redox potentials, both oxidation and reduction potentials, is present in Figure 1.13. 
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Figure 1.13  Redox potentials for selected diiron dithiolate complexes and some related standard 
couples.  Data are for CH2Cl2 and MeCN solutions.  Values can shift by 0.06 V, depending on 
solvent. 
 
1.2.2.4  Functional Models of [FeFe]-H2ase. 
In developing models for [FeFe]-H2ase, ultimately the functionality of the model takes 
precedent over the exact replication of the primary coordination sphere of the active site.  In 
order to truly be a function model, the model must possess:  Fe2 core, azadithiolate cofactor, and 
the ability to be protonated at the Fe.  Typical organic amines exhibit acid-base behavior, but do 
not undergo reversible redox changes.  Complementarily, diiron hexacarbonyls such as 
Fe2(xdt)(CO)6 exhibit redox behavior but are nonbasic.  These hexacarbonyl complexes reduce 
reversibly to Fe
I
Fe
0
 and Fe
0
Fe
0
 states.  Diiron dithiolate complexes containing two or more 
strong donor ligands exhibit both redox and acid-base properties at the iron centers, and are thus 
biologically relevant.  These complexes shuttle between Fe
I
Fe
I
, Fe
I
Fe
II
 and Fe
II
Fe
II
 hydride 
states.  The presence of hydride ligands and ancillary donor ligands strongly stabilizes ferrous 
derivatives.  Terminal hydrides are more biologically relevant, though important chemistry has 
been performed with bridging hydrides as well. 
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1.2.2.5  Proton Reduction by [FeFe]-H2ase Models. 
Early models of [FeFe]-H2ases were found to be functional by virtue of their ability to 
generate hydrogen electrochemically.  The mixed phosphine cyanide complex 
[Fe2(pdt)(CN)(CO)4(PMe3)]
‒
 has been found to catalyze the evolution of hydrogen in the 
presence of toluene sulfonic acid at ‒1.6 V (vs Fc0/+).  Six turnovers of hydrogen were observed, 
providing the first biomimetic electrocatalyst for hydrogen evolution.  However, the reactivity of 
[Fe2(pdt)(CN)(CO)4(PMe3)]
‒
 is nonbiomimetic , as protonation occurs at the bridging position as 
well as at a nitrogen on the cyanide ligand.  Terminal hydrides of diiron cyanides have not been 
detected, probably owing to their rapid isomerization to the corresponding -hydrides. 
Owing to the complicated reactivity of the Fe-CN group, cyanide-based hydrides are not 
well studied.  Greater insight has been obtained from models with neutral donor ligands, 
especially tertiary phosphines, but also N-heterocyclic carbenes (NHCs).
76-78
  Diiron dithiolates 
have also been prepared with other donor ligands including isocyanides,
79-80
 and pyridine 
derivatives, especially phenanthrolines and 2,2'-bipyridine.
81-82
   
The main challenge to preparing models with a terminal hydride is the tendency for the 
terminal hydride to isomerize to the more thermodynamically stable -hydride.  This problem is 
alleviated for the complexes [(term-H)Fe2(adt)(CO)2(dppv)2]
+
  and [(term-
H)Fe2(adt)(CO)2(PMe3)4]
+
, which are sufficiently long lived to be studied in fluid solution (t1/2 = 
10 min at ‒0 ºC83 and 4.5 h at 20 ºC, respectively).63  The compound Fe2(pdtMe2)(CO)2(dppv)2 
can also be protonated terminally to give a long lived terminal hydride (t1/2 ~ 6 h at 22 C).
84
  The 
stability of these terminal hydrides is attributed to the steric congestion arising from the four 
phosphine ligands, which hinders the rotation required to convert terminal hydrides to bridging 
hydrides.  In CH2Cl2 solution, [(term-H)Fe2(adt)(CO)2(dppv)2]
+
 was found to exist in equilibrium 
with the ammonium Fe(I)Fe(I) species, its redox tautomer.  However, upon formation of the [-
HFe2(adt)(CO)2(dppv)2]
+
, isomerization back to terminal hydride or ammonium species does not 
occur.  While both bridging hydrides and terminal hydrides are electrocatalysts for proton 
reduction,
64
 terminal hydrides have been found to reduce protons at 200 mV milder potentials 
than the corresponding bridging hydride.
72
   
 The effect of terminal hydrides and the presence of the azadithiolate bridgehead are 
clearly seen when studying proton reduction capabilities of Fe2 systems.  Dr. Maria Carroll 
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showed that the use of adt bridged Fe2 systems possessing terminal hydrides not only allowed for 
weaker acids to be used in proton reduction, but that these systems possess superior rates and 
lower overpotentials than their pdt and bridging hydride counterparts (Table 1.7). 
 
Table 1.7  Hydrogen Production Catalyzed by Biomimetic Models.
83
 
Catalyst Acid k (s
-1
) Ecat(V vs. Fc
0/+
) Overpotential (V) 
[(t-H)Fe2(adt
H
)(CO)2(dppv)2]
+
 C(ClH2)CO2H 5000 -1.49 0.71 
[(t-H)Fe2(adt
H2
)(CO)2(dppv)2]
2+
 CF3CO2H 58000 -1.11 0.51 
[(μ-H)Fe2(adt
H
)(CO)2(dppv)2]
+
 C(ClH2)CO2H 20 -1.72 0.90 
[(t-H)Fe2(pdt)(CO)2(dppv)2]
+
 HBF4•Et2O 5 -1.49 1.32 
[(μ-H)Fe2(pdt)(CO)2(dppv)2]
+
 C(ClH2)CO2H 3 -1.78 0.95 
 
 1.2.2.6  Oxidation Behavior of [FeFe]-H2ase Models. 
 It is worthwhile to note that [FeFe]-H2ase enzymes are capable to both hydrogen 
production and hydrogen oxidation, and therefore functional models should have similar 
characteristics.  While the reduction of protons has been widely studies with [FeFe]-H2ase 
models, the oxidation of hydrogen is not as well studied.  However, several noteworthy examples 
of hydrogen oxidation by [FeFe]-H2ase models are present in the literature.  Early work showed 
that hydrogen activation was possible with Fe2 models, however, only model that contained adts 
showed any large degree of activation.
85
  Further work demonstrated that including an additional 
equivalent of oxidant (in the form of Fc
+
) greatly enhanced the rate of hydrogen oxidation, and 
enabled stoichiometric formation of Fe2 hydrides.  The strategy of an additional oxidant was 
carried further to include said oxidant within the [FeFe]-H2ase model, which allowed for 
catalytic oxidation of hydrogen.
86
  The drawback was that the reaction was quite slow, but 
catalysis was observed.  Additional models utilized similar techniques with the same degree of 
success.
87
  
1.2.3  Cobalt Catalytic Systems. 
 While Nature utilizes Fe and Ni in biological systems for hydrogen reactivity, the 
element between the two, cobalt, has also been shown in model systems to have hydrogen 
production capability.  The most ubiquitous Co system for hydrogen evolution are cobaloxime 
based systems (Figure 1.14). 
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Figure 1.14  Chemical representations of a variety of Cobaloxime catalysts. 
 
 Cobaloximes have been found to generate hydrogen chemically,
88
 photochemically 
(Figure 1.15), and electrochemically, depending on the conditions utilized.
89
  The most 
applicable generation of hydrogen is electrochemically, where by the electrode provides 
electrons to the species for hydrogen production.  The photochemical systems were found to be 
several orders of magnitude more efficient than their non-connected counterparts.  Electron 
transfer to a Co
II
 center was found to be the rate determining step of hydrogen evolution in these 
systems.   
 
 
Figure 1.15  Examples of chemical and photochemical generation of hydrogen utilizing 
cobaloxime based platforms. 
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 A large amount of experimental and computational work has been dedicated to use of 
cobaloximes as proton reduction catalysts in electrochemical setups, as well as to the elucidation 
of the mechanism of proton reduction.    
1.2.4  Hydrogen Generation with Ferrocenes.   
 Fc was first reported in 1951, and has been widely credited as the reason for the 
expansion of organometallic chemistry.  Since the discovery of Fc, it has become ubiquitous in 
organometallic chemistry.   One reaction that has received particular interest involves Fc with 
strong acids.  In 1960, Richards and coworkers investigated highly acidic solutions containing 
Fc.
90
  In the presence of BF3•H2O, the singlet at 6.0 for Fc was found to shift to 5.0 and was 
accompanied by an additional broad signal at 12.1, which integrated with respect to each other in 
a ratio of 11(±2):1.  Due to the equivalency of the ring protons on ferrocene, the new species was 
proposed to be protonated at the metal, and the rings were able to freely rotate.  However, in the 
presence of BF3•D2O, deuteration of the Fc ring was observed, suggesting exchange between the 
metal and ring protons.  Further studies with alkyl substituted Fcs suggested that some degree of 
ring tilt was occurring concomitant with metal protonation.
91
 
 Despite Fc’s ability to be protonated, Fc has not been well documented to evolve 
hydrogen.  Hydrogen evolution has been predicted by open circuit potential measurements to be 
thermodynamically favorable at potentials just negative of Fc, at -0.026 V.
92
  It is worth noting 
that a common method for generating ferrocenium cations (eg. [Fc]BF4) is the utilization of 
strong acid and a quinone to accept 2 equivalents of “H” atom radical.22   
While free Fc has not demonstrated capacity to generate hydrogen from acidic solutions, several 
important derivatives have shown promise.  One class of Fc based compounds with hydrogen 
evolution capacity is the ferrocenophane family, two examples of which are shown below 
(Figure 1.16).  The synthesis and study of these compounds has been pioneered by the 
  
 
 
Figure 1.16 Two examples of ferrocenophanes. 
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Mueller-Westerhoff group, resulting in some very interesting chemistry.  For [1.1] 
ferrocenophane, the two redox couples occurs at +30 and +230 mV.  However, despite these 
rather oxidizing potentials, [1.1] ferrocenophane was found to be a very competent catalyst for 
hydrogen evolution.  The mechanism is proposed to involve a twisting of one the Fc units, 
allowing the two protons to come into close proximity and react to evolve H2 (Figure 1.17).  
Additionally, several closely related derivatives to [1.1] ferrocenophane also displayed similar 
reactivity (Figure 1.18).  Ferrocenophanes containing excess steric bulk at the bridging carbon 
atoms are unable to bend appropriately, and thus did not display hydrogen evolution capabilities. 
Biferrocenes that continued a single point of attachment also did not evolve hydrogen, likely due 
to their lack of rigidity and inability to bring two protonated Fc’s into close contact.  [1.1] 
Ferrocenohopane has also been incorporated into poly pyrrol, where it showed excellent 
hydrogen production reactivity electrochemically.
35
 
 
 
Figure 1.17  Proposed mechanism for hydrogen generation from [1.1] ferrocenophane. 
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Figure 1.18  Survey of ferrocenophanes and related complexes and their competence towards 
hydrogen evolution. 
 
 Derivatives of Fc possessing a highly negative reduction potential (i.e. < -500 mV) have 
been demonstrated to evolve hydrogen under specific conditions.
93
  The Girault group has 
showed that biphasic systems containing acid in the aqueous phase and Fc* in the organic phase 
will yield a small amount of hydrogen over time.  They have exploited biphasic systems by using 
metal nanoparticles at the liquid-liquid interface as catalysts for hydrogen evolution, with 
electrons provided by Fc* in the organic phase and an acidic aqueous phase.
94-95
  They found that 
molybdenum carbide or molybdenum boride nanoparticles greatly enhanced the rate of hydrogen 
evolution in these biphasic systems, and that similar nanoparticles also demonstrated competence 
for hydrogen evolution, albeit at slower rates.     
 Another notable use of Fc and similar derivatives is in oxygen reduction reactions (ORR).  
The Karlin group has utilized Fc* as an electron source in catalytic oxygen reduction reactions.  
They have used multicopper oxidase mimics, as well as cyctochrome P450 mimics containing 
iron and copper, to catalyze the conversion of oxygen into water.  Weaker ferrocene reductants, 
such as 1,1′-FcMe2 and Fc, do not lead to oxygen reduction, while strong reductant such as Fc
#
 
and Fc* do lead to oxygen reduction, with Fc* being slightly faster than Fc
#
.
96-99
  While this 
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work deviates slightly from the results discussed in this thesis, it is important to note that rates of 
oxygen reduction were enhanced using a stronger reductant, and weaker reductants demonstrated 
no reactivity.   
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Chapter 2: 
Synthesis of Redox-Active Ferrocenyl Ligands and their Application in Metal Complexes† 
 
2.1  Introduction and Ligand Synthetic Considerations. 
In the development of redox active ligands, several factors must be taken into account.  
First, the reversibility of the oxidation or reduction of the ligand during reactivity is an important 
factor, as irreversible reactions will diminish reactivity of the system.  Second, the electron 
provided by the ligand must be accessible to the metal-ligand system.  If the redox active ligand 
oxidizes at too positive of a potential, the ligand will be unable to act as an electron donor.  In 
developing a suitably reducing ligand, we sought inspiration from Nature, and the electron 
transport groups known as ferrodoxfins.  While several synthetic routes exist to [Fe4S4]
n-
 based 
ligands, they suffer from instability in the presence of acid, a trait that biological systems are 
insulated against by virtue of their protein scaffolds.
1-2
  In seeking a surrogate for ferredoxin 
clusters, we turned attention to Fc, as it is stable in acidic media and can provide electrons 
similarly to [Fe4S4]
n-
 clusters.    
In Chapter 1, an overview of ferrocene (Fc) was given.  The effect of substituents on the 
redox potential of the Fc were discussed in detail, demonstrating that the most facile way to 
increase the reduction potential of Fc reliably is the methylation of the Cp rings. Full methylation 
of Fc to yield Fc* shifts the oxidation potential by -610 mV from that of Fc.
3
  Functionalization 
with Me groups, rather than bulkier groups that may be more electronically donating (i.e. 
n
Bu, 
i
Pr), avoids electrochemical anomalies proposed to be brought on by sterics due to substituent 
size.  However, in order to convert a methylated Fc into a ligand, a linker group must be present.  
While a variety of linker groups are available, phosphines offer an intrinsic advantage of being 
easily tractable by NMR techniques.  However, attaching the phosphorus atom directly to the Cp 
ring was shown to alter the potential of the Fc, often shifting it to more positive potentials.   
Thus we sought to shift the reduction potential of ferrocene to more negative potentials 
via ring methylation, in order to employ Fc
+
 as a suitable chemical reductant and provide facile 
access to both redox states of the ligand.  Fc* proves to be a suitable target as a viable redox 
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active ligand, provided a means of attaching Fc* to metal centers can be utilized.  While the 
potentials for synthetic Fe4S4 oxidations are actually closer to that of cobaltocene (Figure 2.1), 
synthetic modifications to cobaltocenes are not as well established.  In order to convert Fc* into  
 
Figure 2.1  Comparisons of common metallocenes with synthetic analogues of ferredoxins. 
 
a phsophino ligand, routes to install the functional group were investigated. Phosphines were 
chosen in order to provide a facile NMR handle with respect to ligand synthesis and 
complexation, as well as due to their ubiquitous usage in FeFe-H2ase modeling.
4
  Monodentate 
ligands were targeted in order to conserve coordination space at the metal center.  
 
2.2  Synthetic Methodology. 
Several synthetic routes to suitably reducing Fc based ligands were attempted.  Our 
group’s first reported synthesis was devised by Dr. James Camara.  Starting with Li[Cp*], which 
upon treatment with trityl chloride (CPh3Cl) yielded 1,2,3,4-tetramethylpentafulvene.
5
  Reaction 
of 1,2,3,4-tetramethylpentafulvene with lithium diethylphosphide yielded LiC5Me4CH2PEt2, 
which upon treatment with [Cp*FeCl]2 gave the desired ligand Fe(C5Me5)(C5Me4CH2PEt2) 
(PFc*
Et2 , Scheme 2.1).
6
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Scheme 2.1  First reported synthesis of Fe(C5Me5)(C5Me4CH2PEt2), or PFc*
Et2. 
 
The initial synthesis of PFc*
Et2 ultimately suffered from difficulty in reproducibility.  
Often attempts to generate [Cp*FeCl]2 would result in the exclusive formation of Fc* and 
FcMe8(CH2PEt2)2, and often a small amount of Fc* was obtained even under the appropriate 
conditions.  Alternate routes were considered that featured modification of an existing Fc unit, 
rather than synthesis using two unique Cp
R
 moieties to synthesize an unsymmetrical Fc.  
Literature reports indicate that the oxidation of Fc* using ultrasonically activated barium 
manganate produces nonamethylformylferrocene, as well as a mixture of 1,2- and 1,1′-
octamethyldiformylferrocene.  While separation of the various formylated ferrocenes is easily 
achieved via column chromatography, this reaction did not proceed as described in my hands, 
giving a low conversions of Fc* into its formylated counterparts.   
We next turned to using octamethylferrocene (Fc
#
) as our starting material.  A modified 
Vilsmeir reaction with Fc
#
 is reported to result in the synthesis of 
monoformyloctamethylferrocene.  Monoformyloctamethylferrocene can then be reduced using 
either LiAlH4 or Li[BEt3H], yielding methanoloctamethylferrocene.  
Methanoloctamethylferrocene can then be treated with strong acid to produced the highly 
reactive fulvene complex [Fe(C5Me4H)(C5Me4CH2)]
+
.
7
  This fulvene complex can be attacked 
with diethylphosphine, as well as a variety of other secondary phosphines, and in the presence of 
base results in the formation of Fe(C5Me4H)(C5Me4CH2PEt2).  This ligand, abbreviated PFc
#Et2, 
while not the original target complex, still fulfills the intention of synthesizing a monodentate 
redox active ligand with a significantly negative redox potential.  Additionally, it has a unique 
NMR spectrum containing 4 groups each integrating to 6 protons, assigned to each pair of the 
non equivalent methyl groups (Figure 2.4).  Further consultation of the literature revealed that 
many formylferrocenes and alphaketoferrocenes react with borane•THF (BH3•THF) and are 
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reduced at the formyl or ketyl group to yield the corresponding methyl group.   Addition of 
BH3•THF to octamethylformyl ferrocene led cleanly to nonamethylferrocene in nearly 
quantitative yields (Figure 2.2).  Only one other synthesis of nonamethylferrocene has been 
reported, and the preparation requires sacrifice of at least half the starting material before 
yielding nonamethylferrocene.
8
  With significant quantities of nonamethylferrocene in hand, two 
  
Figure 2.2  
1
H NMR spectrum of FcMe9 in C6D6 solution.  
 
immediate results were realized.  First, the redox potential of nonamethylferrocene was 
measured, and compared to other methylated ferrocenes (Figure 2.3, Table 2.1).  Second, 
nonamethyl ferrocene was amenable to the modified Vilsmeir reaction previously reported with 
Fc
#
, generating nonamethylformylferrocene in nearly quantitative yield. 
Nonamethylforymlferrocene is then converted to PFc*
Et2 in the same manner as PFc
#Et2 was 
synthesized (Scheme 2.2).  While this second route to the ferrocenyl ligand requires more steps, 
every step expect for the final step proceeds in nearly quantitative yield.  This method also 
allows for Fc based ligands to be synthesized with varying redox potentials based on both the 
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phosphine substituents as well as the number of methyl groups present.  In order to simplify the 
ligand nomenclature, an abbreviation system for the ligand formulas was established.  For 
ligands containing fully methylated Fcs, Fc* is used in the name; if a methyl group is lacking the 
abbreviation Fc
#
 is used instead.  The additional substituents at the phosphorus atom are 
abbreviated and superscripted with the appropriate ′Fc′ unit. 
 
 
Figure 2.3  Cyclic voltammogram of 1.0 mM FcMe9 in CH2Cl2 solution at 25 °C at 0.05 V/s.  
E1/2 = -490 mV (ipa/ipc = 0.88).  Conditions: 0.1 M [
n
Bu4N]PF6 supporting electrolyte, Pt working 
and counter electrodes, Ag wire pseudoreference electrode.  Fc is present as an internal standard. 
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Figure 2.4  
1
H NMR spectrum of PFc
#Et2 in CD2Cl2 solution. 
 
 
Scheme 2.2  Synthesis of PFc*
R2 ligands. 
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Using the secondary phosphines diethylphosphine (HPEt2) and dicyclohexylphosphine 
(HPCy2) resulted in 60% yields of the target ligands, while synthesis utilizing diphenylphosphine 
(HPPh2) resulted in much lower yield of 30%.   Further investigation of the diphenyl derivative 
revealed that the secondary phosphine was reacting too rapidly with the fulvene cation, resulting 
in diphenyldiferrocenyl phosphonium species (Scheme 2.3).  In an attempt to use this feature as 
an advantage, one equivalent of phenyl phosphine (H2PPh) was added to two equivalents of the 
fulvene complex in the hope of synthesizing a diferrocenylphenylphophine.  Unfortunately, this 
reaction leads primarily to triferrocenylphenylphosphonium, as detected by ESI
+
-MS (m/z = 
704).  A small amount of diferroceneylphenyl phosphine was generated and isolated, and a 
crystal structure was obtained (Figure 2.5), but no further characterization was undertaken.  The 
reaction to form multi ferrocenyl phosphines is only observed for HPPh2, and not for either 
HPEt2 or HPCy2.  The increased basicity of secondary alkyl phosphines is proposed to be the 
reason this reaction is only observed with HPPh2, as all of the secondary alkyl phosphine is 
consumed before it is able to act as a base for newly formed ferrocenyl phosphines.
9
 
 
 
 
Scheme 2.3  Proposed synthetic route to [PFc*2Ph2]
+
. 
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Figure 2.5  Crystal structure of PFc*2
Ph
. Hydrogen atoms were omitted for clarity. Thermal 
ellipsoids set at 50% probability level. Selected distances (Å): Fe1-C1, 2.050(1); Fe1-C2, 
2.055(1); Fe1- C3, 2.056(2); Fe1-C4, 2.056(1); Fe1-C5, 2.058(1); Fe1-C11, 2.057(2); Fe-C12, 
2.058(1); Fe1-C13, 2.053(1); Fe1-C14, 2.055(1); Fe1-C15, 2.054(1); Fe1-Centroid (C1-C5), 
1.655(1); Fe1-Centroid (C11-C15), 1.658(1); C1-C6, 1.498(2); C6-P1, 1.866. 
  
X-ray diffraction quality crystals were grown of neutral PFc
#Et2
 (Figure 2.6), as well as 
both the neutral (Figure 2.7) and one electron oxidized forms of PFc*
Et2, the latter as a [BF4]
-
 salt 
(Figure 2.8).  Crystals of the cation [PFc*
Et2][BF4] were supplied by Dr. David Schilter.  
Interestingly, the Fe-centroid length in the oxidized species is 0.04 Å longer than in the neutral 
species, implying very little reorganizational energy upon electron transfer to and from the iron 
center.   
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Figure 2.6  Crystal structure of PFc
#Et2.  Hydrogen atoms were omitted for clarity. Thermal 
ellipsoids set at 50% probability level. Selected distances (Å): Fe1-C1, 2.057(2); Fe1-C2, 
2.054(2); Fe1- C3, 2.052(2); Fe1-C4, 2.049 (2); Fe1-C5, 2.053(2); Fe1-C11, 2.048(2); Fe-C12, 
2.056(2); Fe1-C13, 2.060(2); Fe1-C14, 2.055(2); Fe1-C15, 2.057(2); Fe1-Centroid (C1-C5), 
1.654(2); Fe1-Centroid (C11-C15), 1.658(2); C1-C6, 1.502(3); C6-P1, 1.865(2). 
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Figure 2.7  Crystal Structure of PFc*
Et2.  Hydrogen atoms were omitted for clarity.  Thermal 
ellipsoids set at the 50% probability level.  Selected distances (Å): Fe1-C1, 2.055(2); Fe1-C2, 
2.049(2); Fe1- C3, 2.055(2); Fe1-C4, 2.058 (2); Fe1-C5, 2.053(2); Fe1-C11, 2.048(2); Fe-C12, 
2.042(2); Fe1-C13, 2.052(2); Fe1-C14, 2.065(2); Fe1-C15, 2.062(2); Fe1-Centroid (C1-C5), 
1.656(2); Fe1-Centroid (C11-C15), 1.661(2); C1-C6, 1.496(3); C6-P1, 1.858(3). 
 43 
 
 
Figure 2.8  Structure of the cation in [PFc*
Et2]BF4 with hydrogen atoms omitted for clarity.  
Thermal ellipsoids set at the 50% probability level. Selected distances (Å): Fe1-C1, 2.062(2); 
Fe1-C2, 2.058(2); Fe1- C3, 2.057(2); Fe1-C4, 2.0567 (18); Fe1-C5, 2.0553(19); Fe1-C11, 
2.0419(18); Fe-C12, 2.0507(18); Fe1-C13, 2.061(2); Fe1-C14, 2.072(2); Fe1-C15, 2.0605(18); 
Fe1-Centroid (C1-C5), 1.661(2); Fe1-Centroid (C11-C15), 1.657(2); C11-C16, 1.508(2); C16-
P1, 1.768(5). 
  
The electrochemical characterization of the four new mono-ferrocenyl ligands was 
undertaken to assess the effect of varying substituents on the redox potential.  The data are 
present in Table 2.1 and compared to the parent Fc compounds.  The effect of electrolyte on 
where [
n
Bu4N]BAr
F
4 demonstrates a greater separation in peaks.  The aryl phosphine is a slightly 
weaker reductant than the corresponding alkyl phosphines, while the removal of a methyl group 
demonstrates the previously noted trend of a change of 50 mV to more oxidizing potentials.  A 
representative CV of PFc
#Et2 is shown in Figure 2.9. 
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Table 2.1  Redox Potentials of Ferrocenes and Phosphine Derivatives.
a
   
′Fc′ E1/2 (mV) 
[Bu4N]PF6 (ΔEp, mV) 
E1/2 (mV) 
[Bu4N]BArF
24
 (ΔEp, mV) 
Fc
#
 -440 (86) -500 (61) 
FcMe9 -490 (74) -556 (60) 
PFc
#Et2
 -475 (76) -536 (63) 
PFc*
Et2
 -524 (74) -591 (61) 
PFc*
Cy2
 -539 (82) -602 (63) 
PFc*
Ph2 
-501 (61) -572 (50) 
Fc* -550 (59) -610
3
 
a
Analyte at 1 mM concentration, with [
n
Bu4N]PF6 at 0.1 M and [
n
Bu4N]BAr
F
4 at 0.025 M.  The 
ΔEp, as well as the potentials, has been previously reported,3 and the trend holds in this case.  
 
 
Figure 2.9  Cyclic voltammogram of 1.0 mM PFc
#Et2 in CH2Cl2 at 25 °C at 0.1 V/s.   E1/2 = -536 
mV (ipa/ipc = 0.98).  Conditions: 0.025 M [Bu4N]BAr
F
4 supporting electrolyte, Pt working and 
counter electrodes, Ag wire pseudoreference electrode.  Fc was added at a later scan as an 
internal standard. 
 The ferrocenyl phosphines, as well as FcMe9, demonstrated a degree of light sensitivity 
when in solution, especially in the presence of halogenated solvents.  No light sensitivity was 
noted for the compounds in the solid state, or when present in a solution of non-halogentated 
solvents such as pentane or benzene.  The degradation products were not thoroughly 
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investigated, though the presence of a green solution suggests oxidation has occurred at the Fe 
center. 
 
2.3  Redox-Active Ferrocenyl Ligands in Molybdenum Carbonyl Complexes. 
Properties of the ferrocenyl ligands were investigated in metal complexes.  While the 
potential of the free ligand matches well with the parent Fc, the potential is likely to change 
when bound to a metal.  Previous work has shown that the redox potential of both ferrocenyl and 
cobaltocene ligands changes when the complex is bound to a metal center, though how the 
potential changes is not always predictable.  For examples, the redox couple of dppc is  -1110 
mV when unbound (compared to -1300 mV for unmodified cobaltocene), but may shift to either 
more negative or more positive potentials, depending on the metal it is bound to and the 
remaining ligands present at that metal center (Figure 2.10).
10
   
 
Figure 2.10  Sampling of dppc complexes and the effect of the redox potential on the dppc 
ligand with respect to metal binding.  Complexes are aligned such that the cobaltocene is 
approximately at its oxidation potential, with the measured number presented above or below the 
cobaltocene. 
Molybdenum carbonyl complexes provide an intriguing platform from which to study the 
effects of binding a Fc based phosphine ligand to a metal center on the redox couple of the ligand 
for several reasons.  First off, phosphines are well known to displace carbonyls in molybdenum 
complexes, with substitution leading to complexes of the form Mo(CO)n(PR3)6-n with n being 1, 
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2, or 3.  Additionally, when n = 2 or n = 3, geometrical isomers of the mixed carbonyl/phosphine 
complexes exist, and the redox response can be measured as a function of varying geometries 
(cis- vs. trans-, mer- vs. fac-).  Furthermore, the synthesized complexes will be overall neutral, 
and electrostatic effects will not need to be taken into account when assessing differences in the 
redox potential between the free ligands and the metal-ligand complexes.  Another advantage of 
utilizing Mo carbonyl complexes is the presence of the carbonyl groups, which allows for easy 
monitoring during chemical oxidation, as formation of oxidized ligands will result in 
paramagnetic species, complicating potential NMR analysis.  No redox couple is observed for 
Mo(CO)5(L) complexes over typically observed ranges, however a Mo
0/I
 couple is observed for 
complexes of the type Mo(CO)4(L)2, at potentials positive of Fc
0/+
.
11
 
The synthesis of mono- and di-phosphine molybdenum carbonyls proceeded in a 
straightforward fashion.  Mo(CO)5(THF) can be easily generated from equal molar reaction of 
Mo(CO)6 and Me3NO, and the solvent molecule is easily replaced with phosphine ligand.  For 
disubstituted complexes, the complex cis-Mo(CO)4(piperidine)2 (piperidine = C5H10NH) was 
targeted as a scaffold.  Addition of two equivalents of the redox-active phosphine ligand and 30 
minutes of reflux in CH2Cl2 was sufficient to generate cis-Mo(CO)4(L)2.  Further refluxing of the 
CH2Cl2 solution leads to the trans- isomer, which can be fully generated by refluxing cis-
Mo(CO)4(L)2 in a higher boiling solvent such as toluene.    
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Scheme 2.4  Syntheses of Mo(CO)6-x(L)x complexes. 
 
The monophosphines, as well as the cis- and trans- derivatives of the diphosphine were 
characterized by both 
1
H and 
31
P NMR.  While all of the proton signals for the Mo complexes 
are ligand based, the only signal that showed a marked change upon ligand binding was that for 
the methylene linker connecting the Cp ring to the phosphorus atom.  The methylene signal 
demonstrates a shift of roughly 0.5 ppm, while all other signals display shifts on the order of 0.05 
ppm.  As expected, the 
31
P NMR displays a large shift of 45 ppm or greater upon complexation 
to a metal center.  Furthermore, cis-Mo(CO)4(PFc*
Et2)2 and trans-Mo(CO)4(PFc*
Et2)2 display 
unique 
31
P NMR peaks of 26.0 and 38.6 respectively, allowing them to be easily distinguished by 
31
P NMR.  Similar trends are seen when using the ligand PFc
#Et2. 
Molybdenum carbonyl phosphine compounds were investigated electrochemically, and 
the results summarized in Table 2.2.  Ligation of one ligand to a molybdenum center resulted in 
an electrochemical shift of 125 mV more oxidizing potential for the ligand center, while for the 
disubstituted complexes shifts of 110 mV and 75 mV are observed for the cis- and trans- 
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versions, respectively.   Furthermore, for disubstituted complexes, only one redox potential is 
observed for the oxidation or reduction of both ligands.  Therefore, the oxidation of one ligand 
does not alter the oxidation potential of the other ligand within the complex.   
 
Table 2.2  Comparison of Unbound Redox-Active Ligands with their Molybdenum Complex 
Counterparts.
a
  
Molecule E1/2, mV
 ΔE1/2 from free 
ligand, mV 
PFc*
Et2 -524 n/a 
Mo(CO)5(PFc*
Et2) -400 124 
cis-Mo(CO)4(PFc*
Et2)2 -415, -480
b
 109 
trans-Mo(CO)4(PFc*
Et2)2 -447 77 
PFc
#Et2 -475 n/a 
Mo(CO)5(PFc
#Et2) -345 130 
cis-Mo(CO)4(PFc
#Et2)2 -370 105 
trans-Mo(CO)4(PFc
#Et2)2 -389 86 
a
Conditions: 1mM analyte, CH2Cl2 solvent, 0.1 M [
n
Bu4N]PF6 or 
b
0.025 M [
n
Bu4N]BAr
F
4. 
 
 In addition to electrochemical oxidation, chemical oxidation of these complexes at the 
ligand centers was undertaken, with the reaction monitored by IR spectroscopy.  A representative 
example is shown below in Figure 2.11, though similar sets of spectra were observed for other 
Mo systems.  A summary of carbonyl frequency changes is presented in Table 2.3.  As can be 
seen by this data, chemical oxidation leads to shifts in the FTIR spectrum of 4-15 cm
-1
.  Theses 
shifts are more pronounced in complexes containing two ligands, but otherwise the shifts are as 
expected when compared to other metal-Fc ligand based systems.
12
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Figure 2.11  IR of trans-Mo(CO)4(PFc*
Et2)2 before and after oxidation with 2 equiv of [Fc]PF6. 
 
Table 2.3  Carbonyl Frequency Changes as a Function of Ligand Oxidation. 
Molecule 
M(CO)x(L)y, 
ν(CO), cm-1 
[M(CO)x(L)y]
+
  
ν (CO), cm-1 
[M(CO)x(L)y]
2+
  
ν (CO), cm-1 
Mo(CO)5(PFc*
Et2) 1937, 2068 1941, 2072 n/a 
cis-Mo(CO)4(PFc*
Et2)2 1874, 1893, 2010 1894, 2013 1895, 2016 
trans-Mo(CO)4(PFc*
Et2)2 1874 n/a 1887 
Mo(CO)5(PFc
#Et2) 1937, 2067 1941, 2072 n/a 
cis-Mo(CO)4(PFc
#Et2)2 1894, 2011 1893, 2012 1894, 2016 
trans-Mo(CO)4(PFc
#Et2)2 1874 1884 1888 
Ir(trans-PFc*
Et2)2(CO)Cl 1940 1947 1955 
Ir(trans-PFc*
Et2)2(CO)Cl3 2046 n/a 2061 
 
2.4  Iridium Complexes Reminiscent of Vaska’s Complex and their Reactivity. 
 In 1961, Vaska and DiLuzio first reported the complex trans-Ir(PPh3)2(CO)Cl, which has 
come to be known as Vaska’s complex (Scheme 2.5).  In early syntheses, the carbonyl group was 
derived from solvent.  Further studies of this compound and its derivatives revealed that it would 
undergo a wide range of oxidative additions, from halide acids (HCl, HBr, HI) to silanes
13
 to 
hydrogen, although the oxidative addition of hydrogen and oxygen was found to be reversible.  
The rate of oxidative addition, as well as the stereochemistry of addition, has been the topic of 
2000 1950 1900 1850 1800
cm
-1
 trans-Mo(CO)
4
(PFc*
Et
2)
2
 + 2 equiv Fc
+
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many studies.
14
  In one study, Vaska’s complex was found to react with CO2 to give methane as 
the eventual byproduct.
15
  Studies have also explored the effects of varying the anion to other 
halides or psuedohalides.
16
  Furthermore, Vaska’s complex has found catalytic use in the 
isomerization of alkenes, hydrogen transfer from formaldyde to other substrates, and 
decarbonylation and dehydrohalogenation of aliphatic acid halides.  Vaska’s complex also 
catalytizes hydrosilation and hydroboration of alkenes.  However, many rhodium-based catalysts 
are more active and selective for alkene hydroboration, and Vaska’s complex is not widely used 
for these procedures. 
Traditional routes to Vaska’s complex employ an excess of phosphine ligand, which is 
not ideal when using expensive phosphine ligands.  As the ligand PFc*
Et2 is not commercially 
available or trivial to make, we sought a method that would minimize the amount of phosphine 
ligand required.  A variety of syntheses are known for Vaska’s complex, a sampling of which is 
shown in Scheme 2.5.
17-20
  Since the original report, these new synthetic protocols minimize  
 
 
 
 
 
Scheme 2.5  Various methods to synthesize Vaska’s complex and related derivatives. 
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the amount of required phosphine, as well as use a variety of Ir starting materials.  The method 
that was the most intriguing involves direct ligand substitution of Vaska’s complex.  The direct 
substitution of phosphines at Ir is only possible when the substituting phosphine is more basic 
than the currently bound phosphine. Addition of 2 equivalents of PFc*
Et2 to Vaska’s complex 
efficiently displaced the PPh3 ligands and gave an excellent yield of Ir(PFc*
Et2)2(CO)Cl.  
Washing the solid with Et2O effectively removes the remaining PPh3.  The addition of 1 equiv of 
PFc*
Et2 did not result in the formation of a mixed phosphine species, but rather a 50:50 mixture 
of Ir(PPh3)2(CO)Cl and Ir(PFc*
Et2)2(CO)Cl. 
Reactivity of PFc*
Et2 was investigated in iridium carbonyl complexes similar to the 
complex reported by Vaska, Ir(PPh3)2(CO)Cl.  Chemical oxidation of the ligands was monitored 
via infrared spectroscopy (IR), and demonstrated a shift of 15 wavenumbers (cm
-1
) to higher 
frequency upon oxidation.  This oxidation was found to reversible both chemically (using 
Fc[PF6] as oxidant and Cp2Co as reductant) (Figure 2.12) and electrochemically (Figure 2.13).   
 
Figure 2.12  IR spectra of Ir(PFc*
Et2)2(CO)Cl (black, blue) and [Ir(PFc*
Et2)2(CO)Cl]
2+
 (red), 
where oxidation has occurred at the ligands.  Addition of Cp2Co highlights the chemical 
reversibility of this process. 
Cyclic voltammetry of Ir(PFc*
Et2)2(CO)Cl revealed only one redox couple, despite the 
presence of two redox-active ligands.  The lack of multiple redox couples for systems possessing 
2100 2050 2000 1950 1900 1850 1800
cm
-1
 Ir(FcP*
Et2
)
2
(CO)Cl
 + 2 equiv Fc
+
 + 2 equiv Cp
2
Co
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two or more equivalent Fc units has been documented for the Mo systems previously mentioned 
within this chapter.  While the expected ΔEp for a fully reversible, one electron redox event is 59 
mV, for Ir(PFc*
Et2)2(CO)Cl, the reversible peak has a ΔEp on the order of 110 mV.  While this 
value is sensitive to experimental conditions, when Fc is inserted into the electrochemical cell as 
an internal standard, its ΔEp is only 70 mV, suggesting two overlapping, closely related 
electrochemical events for Ir(PFc*
Et2)2(CO)Cl.   
Work was undertaken to resolve the oxidations of each ligand.  The use of [
n
Bu4N]BAr
F
4 
as a supporting electrolyte aids in the distinguishing of closely occurring electrochemical redox 
events, as does differential pulse voltammetry.  Utilizing both a change in method and 
electrolyte, the difference in the two redox events is estimated to be less than 20 mV apart.  
 
Figure 2.13  CV (top) and DPV (bottom) of Ir(PFc*
Et2)2(CO)Cl in [
n
Bu4N]BAr
F
4 in the presence 
of Fc.  Note the larger ΔEp for Ir(PFc*Et2)2(CO)Cl when compared to Fc. 
 
The carbonyl frequency of Ir(PFc*
Et2)2(CO)Cl is sensitive to oxidation at both the ligands 
and at the Ir center.  Compared to oxidation at the ligands, oxidation at the iridium center 
resulted in a much larger shift.  Comparison of Ir
I
(PFc*
Et2)2(CO)Cl to Ir
III
(PFc*
Et2)2(CO)Cl3 
demonstrates a shift of 100 cm
-1
 as compared to 15 cm
-1
 for the two electron oxidation of both 
500 0 -500 -1000
mV
 53 
 
ligands.  It should be noted however that the carbonyl frequency shift for an Ir
I
 to Ir
III
 is 
dependent upon the molecule being oxidatively added.
21
 
The redox potentials of the bound phosphine ligands are quite similar when alterations at 
the Ir center are made.  A comparison of several Ir
I
 and Ir
III
 complexes is presented in Table 2.4.  
The oxidation potential of the ligands appears to be unaffected by the oxidation state at Ir. 
 
Table 2.4  Electrochemical Potentials of Vaska-like Systems.  Conditions: CH2Cl2 Solution with 
Analyte at 1 mM and Electrolyte ([Bu4N]PF6) at 0.1 M. 
Complex E1/2 (mV) 
Ir(PFc*
Et2)2(CO)Cl -450 
Ir(PFc*
Et2)2(CO)ClH2 -440 
Ir(PFc*
Et2)2(CO)Cl3 -400 
 
Our initial attempts concerning Vaska’s complexes centered on turning a well known 
hemolytic activator into a heterolytic activator.  Oxidative addition of hydrogen is known to 
occur reversibly at the Ir center.  However, it was reasoned that perhaps upon oxidative addition 
of hydrogen, the hydrogen could be removed in subsequent steps, taking electrons from the 
ligands and then deprotonation the Ir, which in turn returns electrons to the ligands and Ir 
(Scheme 2.6).    Oxidative addition of hydrogen proceeded in a facile manner for both 
Ir
I
(PFc*
Et2)2(CO)Cl and [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 over the course of several hours at room 
temperature, where the two IR signatures differed by the expected ~15 cm
-1
.   Oxidation of 
Ir
III
(PFc*
Et2)2(CO)Cl(H)2 with two equivalents of oxidant produces the same spectrum as 
oxidative addition of H2 to [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
. 
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Figure 2.14 
 1
H NMR spectrum of Ir
III
(PFc*
Et2)2(CO)Cl(H)2 with a zoomed in portion for the two 
hydride signals. 
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Scheme 2.6  Proposed oxidative addition of H2 followed by heterolytic removal of hydrogen as 
protons and electrons. 
Upon generation of [Ir
III
(PFc*
Et2)2(CO)Cl(H)2]
2+
, a variety of bases were probed in an 
attempt to deprotonated the hydrides.  However, rather than deprotonation, one of two reactions 
occurred.  Either reduction of the ferrocenyl ligands, reforming Ir
I
(PFc*
Et2)2(CO)Cl (KO
t
Bu, 
pKa
H2O = 17), or no reaction (TMG, pKa
MeCN
 = 23.3; 2,6-lutidine, pKa
MeCN
 = 14.0) (Figure 
2.15).
22
  Heterolytic removal of the hydrido ligands as hydrides also proved unsuccessful when 
employing [CPh3]BArF
20
 as a hydride abstractor.   
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Figure 2.15  IR comparison of the reactivity of [Ir
III
(PFc*
Et2)2(CO)Cl(H)2]
2+
 with various bases. 
While heterolytic activation of Ir
I
(PFc*
Et2)2(CO)Cl proved futile, an interesting result 
presented itself during the course of several control experiments.  While the reaction of 
Ir
I
(PFc*
Et2)2(CO)Cl with base produced no observable reaction, addition of strong base to 
[Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 resulted in apparent reactivity at the iridium center.  The addition of bases 
such as methyl imidazole and tetramethylguandine resulted in a mixture of products by IR; 
however, the increase in ν(CO) suggested the presence an IrIII species in addition to IrI species.  
Additionally, investigation of the reaction between [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
  and 1 equiv of N-
methylimidazole by ESI
+
 mass spectrometetry revealed the presence of a bound methylimidazole 
to the Ir center. Further addition of oxidant led to a small shift in the proposed Ir
III
 species, 
suggesting that the ligands are in the reduced state.  A proposed reaction is shown in Scheme 2.7.  
Addition of reductant led to the reformation of Ir
I
(PFc*
Et2)2(CO)Cl.  When 1,10-phenanthroline 
was added, no change in the ν(CO) was noted, however the intensity of v(CO) declined and the 
solution color changed from green to red.  Further investigation found that when Fc
+
 is in the 
presence of 1,10-phenanthroline, ferroin ([Fe(phen)3]
2+
) is formed (Scheme 2.8).  Replacement 
of 1,10-phenanthroline with 2,2′-bipyridine led to a similar reaction, as judged by 1H NMR. 
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Scheme 2.7  Reactivity of [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 with Lewis bases. 
 
 
 
Scheme 2.8  Proposed reaction of Fc
+
 with 1,10-phenanthroline to yield [Fe(phen)3]
2+
.   
 
In order to better understand the reactivity of [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 with nucleophiles, 
chloride ions were added to a solution containing [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
.  If nucleophiles were 
binding to the Ir center and inducing an oxidation, the addition of two equivalents of Cl
-
 to a 
solution of [Ir
I
(FcP*
Et2)2(CO)Cl]
2+
 may result in the formation of Ir
I
(PFc*
Et2)2(CO)Cl3.  It was 
found that this reaction proceeded as was proposed, with the addition of two equivalents of 
[
n
Bu4N]Cl to a solution of [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 yielded [Ir
I
(PFc*
Et2)2(CO)Cl3, which was 
characterized by IR.  The addition of 1 equiv of Cl
-
 did not generate a 5-coordinate Ir species, but 
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rather an equimolar amount of 4 and 6 coordinate Ir species (blue trace, Figure 2.16).  The 
reaction could also be monitored visually, as [Ir
I
(PFc*
Et2)2(CO)Cl] is initially yellow, but turns 
green upon ligand oxidation, and then back to yellow upon addition of Cl
-
. Furthermore, 
Ir
III
(PFc*
Et2)2(CO)Cl3 can be independently generated using PhICl2 as a source of Cl2.  Addition 
of oxidant to Ir
III
(FcP*
Et2)2(CO)Cl3 produced a typical 15 cm
-1
 shift expected for oxidation at the 
ligands.   
 
 
Figure 2.16  IR spectra of the oxidative addition of Cl
-
, followed by subsequent oxidation. 
 
Scheme 2.9  Proposed reaction of Ir
I
(PFc*
Et2)2(CO)Cl under conditions of Figure 2.16. 
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-1
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-
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The oxidative addition of Cl
-
 was found to also occur to Vaska’s complex, 
Ir
I
(PPh3)2(CO)Cl, but only in the presence of oxidant.  When Ir
I
(PPh3)2(CO)Cl is dissolved in 
CH2Cl2 and investigated by FTIR spectroscopy, a single carbonyl band is present at 1964 cm
-1
.   
When either 2 equivalents of [Fc]PF6 or 2 equivalents of [Et4N]Cl are added to the solution, no 
change in the IR spectra are observed.  However, upon the addition of both 2 equivalents of 
[Fc]PF6 and 2 equivalents of [Et4N]Cl the single carbonyl band shifts from 1964 cm
-1
 to 2072 
cm
-1
, indicative of the formation of Ir
III
(PPh3)2(CO)Cl3.  Therefore, oxidative addition of halides 
and pseudohalides do not require that the oxidant be covalently bound to the metal center, only 
that oxidant is present in solution. 
The oxidative addition of chloride to Ir
I
(PFc*
Et2)2(CO)Cl can also be followed 
electrochemically.  Replacing the commonly used electrolytes [
n
Bu4N]PF6 or [
n
Bu4N]BArF
4
 with 
[
n
Bu4N]Cl gave unique results.  At slow scans rates (50 mV/s, Figure 2.17), two oxidations can 
be observed; however, little to no return wave is observed on the reductive sweep.  Increasing the 
scan rate (750-1000 mV/s, Figure 2.18) leads to more reversible behavior, as noted with non-
coordinating electrolytes.  The first of the two oxidation peaks seen in the slower scan rate runs 
is attributed to oxidation of the ligands.  Once oxidized, [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 is poised to 
oxidatively add two equivalents of chloride present in solution, forming Ir
III
(PFc*
Et2)2(CO)Cl3, 
which contains reduced ligands.  Then, Ir
III
(PFc*
Et2)2(CO)Cl3 can be oxidized a second time at 
the ligands.  At faster scan rates, the return reduction peak is faster than oxidative addition of 
chloride, and some reversibility is observed. 
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Figure 2.17  Cyclic voltamagram of Ir
I
(PFc*
Et2)2(CO)Cl (1 mM) in CH2Cl2 with [
n
Bu4N]Cl (0.1 
M) as electrolyte. 
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Figure 2.18  Cyclic voltamagram of Ir
I
(PFc*
Et2)2(CO)Cl (1 mM) in CH2Cl2 with [
n
Bu4N]Cl (0.1 
M) as electrolyte at varying scan rates, showing greater reversibility at higher scan rates. 
Extension of this reactivity was undertaken, using both Br
-
 and other pseudohalides such 
as SCN
-
 and N3
-
.  When two equivalents of Br
-
 were added to [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
, the IR 
spectrum suggested oxidation at the Ir center, reminiscent of what was observed with Cl
-
.  When 
investigated by 
31
P NMR, a mixture of species was observed, implying a variety of halogenated 
products was likely formed, such as Ir
III
(PFc*
Et2)2(CO)ClBr2, Ir
I
(PFc*
Et2)2(CO)Cl2Br and 
Ir
I
(PFc*
Et2)2(CO)Br3.  Literature precedent has demonstrated that in the presence of halide salts, 
Vaska’s complex is able to undergo halide exchange similar to what is observed here.23  When 
either [
n
Bu4N]SCN or [
n
Bu4N]N3 were added to [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
, again a mixture of 
products was observed.  Literature precedent for the oxidative addition of thiocyangen to 
Vaska’s complex and similar compounds has been explored, and the additional bands observed 
for SCN- stretches for correlate well with Ir
III
(PFc*
Et2)2(CO)Cl(SCN)2 when compared to 
literature reports.
24
  While the SCN
-
 adduct was found to be stable in solution over an extended 
period of time (Figure 2.19, Scheme 2.10), the N3
-
 adduct does not share in this stability, 
possibly due the loss of N2 (Figure 2.20, Scheme 2.11).  The addition of two equivalents of 
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[Et4N]CN also produced a shift in the CO frequency to 2051 cm
-1
, though interestingly enough, 
no stretches attributed to CN
-
 were observed.  The addition of 2 equiv of [
n
Bu4N]BH4 in CH2Cl2 
to [Ir
I
(PFc*
Et2)2(CO)Cl]
2+
 did not produce the expected dihydride species 
Ir
III
(PFc*
Et2)2(CO)Cl(H)2.  Investigation by IR spectroscopy furnished no signals in the expected 
region of CO stretches, and investigation by 
1
H and 
31
P NMR suggested a paramagnetic product, 
but further characterization was not attempted.   
 
 
Figure 2.19  IR spectra of Ir
I
(PFc*
Et2)2(CO)Cl (black) followed by double oxidation at the 
ligands (red) and the addition of 2 equivs of [
n
Bu4N]SCN (blue).  Final spectra remains 
unchanged when Ir
III
(PFc*
Et2)2(CO)Cl(SCN)2 is allowed to sit overnight. 
 
 
Scheme 2.10  Proposed reaction to form Ir
III
(PFc*
Et2)2(CO)Cl(SCN)2. 
2200 2100 2000 1900 1800
cm
-1
 VD
 VD
2+
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4
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Figure 2.20  IR spectra of Ir
I
(PFc*
Et2)2(CO)Cl (black) followed by double oxidation at the 
ligands (red) and the addition of 2 equivs of [
n
Bu4N]N3 (blue).  Final spectra changes when 
Ir
I
(PFc*
Et2)2(CO)Cl(N3)2 is allowed to sit overnight (green). 
 
 
Scheme 2.11  Proposed reaction to form Ir
III
(PFc*
Et2)2(CO)Cl(N3)2 and possible products 
resulting from stirring overnight. 
 
2.5  Conclusions. 
The synthesis of several redox-active ferrocenyl phosphines was achieved.  The route, 
beginning with Fc
#
, not only allows for variation in the redox potential of the ferrocene core 
based on the phosphine and the number of methyl groups, but also provides a quantitative route 
to FcMe9.  Crystal structure analysis of the ferrocenyl ligands as both neutral and cationic species 
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-1
 VD
 VD
2+
 VD
2+
 + 2eq [NBu
4
]N
3
 After 21 hr
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showed little structural change, emphasizing the small amount of reorganization energy in 
electron transfer processes for ferrocenes. 
Mo based Fc phosphines have been synthesized and their oxidation properties studied by 
both electrochemical and chemical means.  Electrochemically, a decrease of 80-130 mV in the 
oxidation potential of the ligand is noted when the phosphine is bound to a metal center, and thus 
should be expected for additional synthesized complexes utilizing ferrocenyl phosphine ligands.  
Furthermore, despite the presence of two Fc groups in several of these complexes, only one 
redox event is noted due to ligand oxidation.  This is rationalized by the fact that both Fcs are in 
equivalent positions and are electronically insulated from one another.  However, the spacing in 
the cathodic and anodic peak is noted to be larger than the expected 59 mV seen for one electron, 
reversible events.  Comparison of cis- and trans- isomers of Mo(CO)4(L)2 produced a modest, 
yet noticeable, difference in the redox potential change of the bound ligands compared to the free 
ligands.  When investigated by chemical methods, oxidation at the ligand centers led to only a 
modest, yet still discernible, shift in ν(CO) of 5-15 cm-1.  As oxidation of metal centers 
containing CO groups is known to produce a more drastic shift in ν(CO) of 30-100 cm-1, IR 
monitoring of chemical oxidations will enable analysis of whether the metal center, or the Fc 
based  ligand, has undergone oxidation.   
 Redox-active ligands were incorporated into Ir complexes to form derivatives of Vaska’s 
complex.  However, these ligands were unable to convert Vaska’s complex, a typical homolytic 
activator, into a heterolytic activator.  However, when the ligands were present in their oxidized 
form, the presence of the electron holes enabled the addition of a variety of Lewis bases, 
including halides and pseudohalides, to bind to the Ir center and induce a formal oxidative 
addition at Ir.   
 
2.6  Experimental. 
 Unless otherwise noted, reactions were typically performed using Schlenk or glove box 
techniques.  Most reagents were purchased from either Strem or Sigma-Aldrich.  Solvents were 
HPLC grade or better, and were dried and deoxygenated by passage through activated alumina 
and sparging with Ar or by distillation under nitrogen.  FcMe8CHO,
7
 FcMe8CH2OH,
7
 cis-
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Mo(CO)4(piperdine)2,
25
 trans-Ir(PPh3)2(CO)Cl,
17
 [H(Et2O)2]BArF
4
,
26
 [Bu4N]BArF
4
,
27
 were 
prepared according to literate procedures.  [Bu4N]PF6 was recrystalized from ethanol.  
1
H NMR 
spectra (500 MHz) are referenced to residual solvent referenced to TMS.  
31
P{
1
H NMR spectra 
(202 MHz) are referenced to external 85% H3PO4.  FT-IR spectra were recorded on a Perkin 
Elmer 100 FT-IR spectrometer, focusing primarily on the ν(CO) region.  ESI-MS data were 
recorded of dilute CH2Cl2 solutions on a Waters Micromass Quattro II spectrometer.  CV data 
was recorded on a CHI model 630D instrument, using Pt working and counter electrodes.  An Ag 
bar was used as a pseudo reference electrode.  After each CV experiment Fc was added as an 
internal standard.  Unless indicated otherwise, the analyte concentration was 1 mM, the 
[Bu4N]PF6 concentration was 0.1 M, and the [Bu4N]BAr
F
4 concentration was 0.025 M, with a 
sweep rate of 100 mV/s.  An iR compensation was undertaken prior to all electrochemical 
measurements.  Chromatography was performed on silica gel (40-63 μm, 230-400 mesh).   
Synthesis of FcMe9.  A 100 mL schlenk flask was charged with 2.5 g of 
octamethylferrocenecarboxaldehyde and 30 mL of CH2Cl2 to producing a red solution.  A 23.0 
mL amount of BH3•THF (1.0M) was added via gas tight syringe, resulting in an immediate color 
change from deep red to orange.  The solution was stirred for 17 hours, after which the solution 
was slowly quenched with 20 mL of saturated NH4Cl.  At this point, the product can be 
manipulated in air for short periods of time.  The mixture was transferred into a separatory 
funnel, and the aqueous portion was discarded.  The organic layer was washed twice with 20 mL 
of water, once with 20 mL of brine.  The organic layer was then dried over MgSO4 and stripped 
of solvent.  The residue was passed through a silica column using a 9/1 mixture of hexane/Et2O 
as eluent.  Removal of solvent produced an orange-yellow solid. Yield: 2.29g (96%).
 
Analytically pure samples were obtained by vacuum sublimation (0.01 torr) for several hours at 
120 °C. 
1
H NMR (CD2Cl2):  δ 3.16 (s, 1H), 1.72 (s), 1.71 (s, overlapping, total to 21H), 1.65 (s, 
6H). 
13
C NMR (CD2Cl2):  δ 80.27, 79.94, 79.24, 71.27, 11.46, 10.17, 9.56.  Anal. Calcd for 
C19H28Fe (found): C, 73.07 (73.21), H, 9.04 (9.19). ESI-MS: m/z 312.3 [M]
+ 
 Synthesis of PFc
#Et2
.  A 200 mL Schlenk flask was charged with 1.22 g (3.7 mmol) of 
octamethylferrocenylmethanol (3.72 mmol) and 40 mL of Et2O.  Once the solution was 
homogeneous, 625 μL (6.6 mmol) of acetic anhydride was added, and the flask cooled to -78 °C 
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(some solid precipitate appeared).  The cold solution was then treated with 550 μL of HBF4•Et2O 
(4.04 mmol), resulting the immediate formation of a pale red precipitate.  After it was stirred for 
30 min, the cold slurry was treated with 50 mL of pentane to precipitation of the product.  The 
solution was filtered at low temperature, and the solid was washed with an additional 100 mL of 
Et2O and dried briefly under vacuum.  While the temperature was maintained at -78 °C, a red 
slurry was formed by the addition of 30 mL of Et2O.  A solution of 450 μL HPEt2 (3.91 mmol) in 
20 mL of Et2O was transferred into the red slurry.  The slurry was stirred at low temperatures for 
10 min, after which 40 mL of CH2Cl2 was added, resulting in a color change to yellow.  The 
reaction mixture was maintained at low temperatures for 1 h before it was warmed to room 
temperature.  Excess K2CO3 and MgSO4 were added under argon pressure.  The solution is 
allowed to warm to ambient temperature overnight.  The following morning, all of the volatiles 
were removed under vacuum, and the solid was extracted with pentane.  The orange pentane 
solution was filtered through a pad of Celite.  Evaporation of solvent under vacuum gave 
Fe(C5Me4H)(C5Me4CH2PEt2) as an air sensitive orange-yellow solid.  Yield: 1.22 g (78% based 
on PEt2H).  Crystals were grown from a concentrated solution of pentane at -30 °C.  The 
compound can be further purified by filtering a pentane extract through a plug of silica, upon 
which the compound was retained.  After the silica plug was washed with pentane, the 
compound was extracted by eluting with Et2O.  Removal of solvent resulted in the orange-yellow 
solid.  Mp: 37-38 °C dec.  
1
H NMR (CD2Cl2):  δ 3.15 (s, 1H), 2.34, (s, 2H), 1.75 (s, 6H), 1.73 (s, 
6H), 1.70 (s, 6H), 1.64(s, 6H), 1.33 (m, 4H), 1.02 (m, 6H). 
31
P NMR (CD2Cl2):  δ -17.4. Anal. 
Calcd for C23H37FeP (found): C, 69.00 (68.94); H, 9.31 (9.79). ESI-MS: m/z 400.4 [M]
+
 
 Synthesis of PFc*
Et2. The following procedure is an improvement over the literature 
method.
6
  The compound PFc*
Et2 was prepared from FcMe9CH2OH following the method for 
PFc
#Et2.  Crystals were grown from a concentrated solution of pentane at -30 °C.  Yield: 56%.  
Mp: 84 °C dec.  
1
H NMR (CD2Cl2):  δ 2.29 (s, 2H), 1.71 (s, 6H), 1.69 (s, 6H), 1.67 (s, 15H), 1.33 
(m, 4H), 1.03 (m, 6H).   
31
P NMR (CD2Cl2):  δ -17.4. Anal. Calcd for C24H39FeP (found): C, 
69.56 (69.79); H, 9.49 (9.51). ESI-MS: m/z 414.4 [M]
+
  
Dicyclohexylphosphinomethyloctamethylferrocene (PFc*
Cy2). The compound PFc*
Cy2 
was prepared from FcMe9CH2OH following the method for PFc*
Et2 but using PCy2H.  Yield: 
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55%.  Mp: 127-128 °C dec.  
1
H NMR (CD2Cl2):  δ 2.35 (s, 1H), 1.72 (s, 6H), 1.67 (s, 6H), 1.47-
1.12 (m, 22H).   
31
P NMR (CD2Cl2):  δ -4.07. Anal. Calcd (found): C, 73.55 (73.09); H, 9.84 
(10.02). ESI-MS : m/z 523.3 [M]
+
 
 Diphenylphosphinomethyloctamethylferrocene (PFc*
Ph2). The compound PFc*
Ph2 was 
prepared from FcMe9CH2OH following the method for FcP*Et2, but using PPh2H.  Yield: 36%.  
Mp: 147 °C dec.  
1
H NMR (CD2Cl2):  δ 7.37-7.29 (broad, m, 10H), 2.97 (s, 2H), 1.66 (s, 15H), 
1.64 (s, 6H), 1.13 (s, 6H).   
31
P NMR (CD2Cl2):  δ -18.8. Anal. Calcd (found): C, 75.29 (75.35); 
H, 7.70 (7.83).  ESI-MS m/z 510.4 [M]
+ 
Mo(CO)5(PFc*
Et2).  A 25 mL schlenk flask was charged with 64 mg of Mo(CO)6 (0.24 
mmol), and 27 mg of Me3N-O•2H2O (0.24 mmol).  The solids were then dissolved into 5 mL of 
CH2Cl2 and 5 mL of MeCN.  The solution was stirred for 90 min, at which point a solution of 
100 mg PFc*
Et2 (0.24 mmol) in 2.0 mL of toluene was added via gas tight syringe.  The solution 
color immediately changed from a faint yellow to a bright orange.  The solution was stirred for 
an additional 90 min, after which the solvent was removed under vacuum.  The flask was 
transferred into a glove box, and the solid purified by column chromatography.  An orange band 
elutes using a 5/1 mixture of pentane/CH2Cl2, and removal of solvent yields Mo(CO)5(PFc*
Et2) 
as an orange solid. Yield: 40 mg (26 %). 
1
H NMR (CD2Cl2):  δ 2.86 (s, 2H), 1.74 (s, 6H), 1.69 (s, 
6H), 1.65 (s, 15H), 1.06 (m, 6H).  
31
P NMR (CD2Cl2): δ 27.7. ν(CO, cm
-1
) = 2067, 1937.   ESI-
MS: m/z  652.3 [M]
+
.  Using 3/1 ratio of pentane/CH2Cl2 as eluent, a second orange band elutes 
as 10 mg of a mixture of cis- and trans-Mo(CO)4(PFc*
Et2)2.   
cis-Mo(CO)4(PFc*
Et2)2.  The disubstituted phosphine complex was independently 
synthesized from cis-Mo(CO)4(piperdine)2.   A 25 mL schlenk flask was charged with 100 mg 
PFc*
Et2 (0.24 mmol) and 40 mg cis-Mo(CO)4(piperdine)2 (0.11 mmol).  A condenser column was 
attached to the top of the flask, and the solids were dissolved into 10 mL of CH2Cl2 at heated to 
reflux for 15 minutes.  The solution was then filtered through a pad of Celite, and concentrated to 
a minimal volume.  Methanol was added to the concentrated solution to precipitate the product.  
Filtration at 0 °C and drying under vacuum led to the isolation of an orange solid.  Yield: 65 mg 
(52%). 
1
H NMR (CD2Cl2):  δ 2.92 (s, 2H), 1.80 (s, 6H), 1.73 (s, 8H), 1.68 (s, 17H), 1.06 (m, 
6H). 
31P NMR: δ 26.0.  ν(CO, cm-1): 2010, 1907, 1893, 1873. ESI-MS: m/z 1036.6/1038.6 [M]+. 
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trans-Mo(CO)4(PFc*
Et2)2.  Isomerization of cis-Mo(CO)4(PFc*
Et2)2 to the trans- isomer 
was afforded by refluxing the cis- isomer in toluene for 90 min and subsequent recrystalization.  
1
H NMR (CD2Cl2):  δ 2.97 (s, 2H), 1.79 (s, 6H), 1.72 (s, 6H), 1.68 (s, 15H), 1.30 (m, 4H), 1.09 
(m, 6H).  
31
P NMR(CD2Cl2): δ 38.6.  ν(CO, cm
-1
) = 1877. 
Mo(CO)5(PFc
#Et2).  Synthesized in a method analogous to Mo(CO)5(PFc*
Et2).  
1
H NMR 
(CD2Cl2):  δ 3.20 (s, 1H), 2.93 (s, 2H), 1.81 (s, 6H), 1.76 (s, 6H), 1.71(s, 6H), 1.66 (m, 2H), 1.65 
(s, 6H), 1.57 (m, 2H), 1.06 (m, 6H).  
31
P NMR(CD2Cl2): δ 27.6  MS-ESI: m/z 638.0 [M]
+
. ν(CO, 
cm
-1
): 1937, 2067 
cis-Mo(CO)4(PFc
#Et2)2.  Synthesized in a method analogous to cis-Mo(CO)4(PFc*
Et2)2. 
1
H NMR (CD2Cl2):  δ 3.18 (s, 1H), 2.96 (s, 2H), 1.84 (s, 6H), 1.77 (s, 6H), 1.71 (s, 6H), 1.65 (s, 
6H), 1.59 (m, 4H), 1.06 (m, 6H).  
31
P NMR (CD2Cl2): δ 25.9. (CO, cm
-1
): 1894, 2011. ESI-MS-
ESI: m/z 1007.9/1009.9 [M]
+
. 
Isomerization to trans-Mo(CO)4(PFc
#Et2)2.  Isomerization to the trans- isomer can be 
afforded by refluxing the cis isomer in toluene for 90 minutes and recrystalization from 
CH2Cl2/pentane.  
1
H NMR (CD2Cl2):  δ 3.18 (s, 1H), 3.00 (s, 2H), 1.83 (s, 6H), 1.76 (s, 6H), 1.71 
(s, 6H), 1.65 (s, 6H), 1.59 (m, 4H), 1.08 (m, 6H).  
31
P NMR(CD2Cl2): δ 38.7.  ν(CO, cm
-1
): 1874. 
Ir(CO)(Cl)(PFc*
Et2)2.  Inside a nitrogen filled glove box, a slurry of 228 mg (0.29 mmol) 
of Vaska’s complex (Ir(CO)(Cl)(PPh3)2) in 60 mL of dichloromethane was stirred vigorously.  
To the suspension was added 240 mg (0.58mmol) of PFc*
Et2 in 20 mL of CH2Cl2.  The solution 
became more transparent as it was allowed to stir for 2 h.  After 2 h of stirring, the solvent was 
removed under vacuum, and the solid triturated with diethyl ether.  The Et2O slurry was passed 
through a frit, and the yellow solid was washed with an addition portion of 10 mL of ether to 
remove any residual PPh3.  The solid was then washed with 30 mL of pentane and dried under 
vacuum to give Ir(CO)(Cl)(PFc*
Et2)2 as an orange-yellow solid. Yield: 297 mg (0.27 mmol, 
95%). 
1
H NMR (CD2Cl2):  δ 3.05 (s, 2H), 1.86 (s, 6H), 1.70 (s, 6H), 1.67 (s, 15H), 1.11 (m, 6H). 
31
P NMR (CD2Cl2):  δ 22.97. ESI-MS: m/z 1084.4 [M]
+
.  Anal. Calcd for C49H79ClFe2IrOP2 
(found): C, 54.22 (54.51); H, 7.34 (7.32). UV-vis: 380 (ɛ = 4200) and 435 (ɛ = 980).  For 
[Ir(CO)(Cl)(PFc*
Et2)2]
2+
, UV-vis: 790 (ɛ = 1160).   ν(CO, cm-1): 1940. 
 69 
 
Ir(CO)(Cl)(PFc*
Et2)2(H)2.  The dihydride complex was generated either by pressurizing 
a  J. Young tube containing Ir(CO)(Cl)(PFc*
Et2)2 with H2 and monitoring by 
31
P NMR, or by 
bubbling H2 through a CH2Cl2 solution of Ir(CO)(Cl)(PFc*
Et2)2 and monitoring the reaction by 
IR.  ν(CO, cm-1): 1970.  ν(H, cm-1): 2074, 2195.  1H NMR (CD2Cl2):  δ 3.12 (d, 2H), 1.76 (s, 
6H), 1.68 (s, 6H), 1.66 (s, 15H), 1.01 (m, overlapping, 10H), -8.44 (td, 1H, J = 18.5, 18.5, 5.1), -
20.13 (td, 1H, J = 13.0, 13.0, 5.0).  
31
P NMR (CD2Cl2):  δ 20.89. ESI-MS: m/z 1086.6 [M]
+
.   
Ir(CO)(H)(Cl)2(PFc*
Et2)2.   A 50 mL Schlenk flask was charged with 40 mg of 
Ir(CO)(Cl)(PFc*
Et2)2 (37 μmol) and made into a solution upon addition of 20 mL CH2Cl2.    To 
the yellow solution was added 20 μL of HCl•Et2O (2.0M, 40 μmol).  Solvent was removed under 
vacuum to yield a yellow solid.  ν(CO, cm-1): 2023.  ν(H, cm-1): 2199. 1H NMR (CD2Cl2):  δ (s, 
2H), (s, 10H), (s, 6H), (s, 6H), (m, 6H), -16.56 (t, 1H, J=10.6, 10.6).  
31
P NMR (CD2Cl2):  δ 3.22.  
Ir(CO)(Cl)3(PFc*
Et2)2.  A Schlenk flask was charged with 52.2 mg of 
Ir(CO)(Cl)(PFc*
Et2)2 (0.048 mmol).  The solid was dissolved into 30 mL of CH2Cl2, and 32.0 mg 
of [Fc]PF6 (0.97 mmol) was added.  The reaction was monitored by IR over the course of 15 
min, over which time the solution changed from yellow to green and the carbonyl band shifted 
from 1940 cm
-1
 to 1955 cm
-1
.  Upon full conversion to [Ir(CO)(Cl)(PFc*
Et2)2]
2+
, 26.7 mg of 
[Bu4N]Cl (0.96 mmol) was added to the solution, resulting in an immediate change in the 
solution color from green to orange.  The solution was stirred for an additional 15 min, after 
which the solvent was removed under vacuum, and Bu4N[PF6] was removed by precipitation 
with Et2O.  Analytically pure samples of Ir(CO)(Cl)3(PFc*
Et2)2 were generated by recrystalizing 
three times with cold pentane, or by removal of cogenerated Fc via sublimation to give an 
orange-yellow solid.  Yield: 26.6 mg (48 %).   ν(CO, cm-1): 1H NMR (CD2Cl2):  δ 3.42(s, 2H), 
1.84 (s, 6H), 1.71 (s, 6H), 1.68 (s, 15H) 1.02 (m, 6H). 
31
P NMR (CD2Cl2):  δ -8.5. ESI-MS: m/z 
1154.7/1156.9 [M]
+
. 
Ir(CO)Cl(Br)2(PFc*
Et2)2.  A 50 mL Schlenk flask was charged with 45 mg of 
Ir(CO)(Cl)(PFc*
Et2)2  (41μmol) which was then dissolved into 15 mL of CH2Cl2.  Two equivs of 
[Fc]PF6 (83 μmol) were then added, resulting in a color change from yellow to green and a shift 
in the ν(CO) from 1940 cm-1 to 1955 cm-1.  Two equivs of [PPh4]Br were then added in 1 equiv 
(17.6 mg, 42 μmol) portions.  Addition of 1 equiv led to the presence of two ν(CO) peaks at 1952 
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and 2048, whereupon the addition of a second equiv led to one peak at 2044 cm
-1
.  Removal of 
solvent and recrystalization led to the isolation of yellow-orange solid.  Yield: 23 mg.  
Investigation by both 
31
P NMR and ESI-MS suggests the presence of three isomers of the form 
Ir(CO)(Cl)2Br(PFc*
Et2)2, Ir(CO)Cl(Br)2(PFc*
Et2)2, and Ir(CO)(Br)3(PFc*
Et2)2.  ν(CO, cm
-1
): 2044. 
1
H NMR (CD2Cl2):  δ (s, 2H), (s, 10H), (s, 6H), (s, 6H), (m, 6H) 
31
P NMR (CD2Cl2):  δ -10.9, -
13.8, -18.4. ESI-MS: m/z 600 (Ir(CO)(Cl)2Br(PFc*
Et2)2) [M]
2+
, 622 (Ir(CO)Cl(Br)2(PFc*
Et2)2) 
[M]
2+
, 644 (Ir(CO)(Br)3(PFc*
Et2)2) [M]
2+
. 
Reaction of Ir(CO)Cl(PFc*
Et2)2 with 2 equiv of Fc
+
 followed by 2 equiv of SCN
-
.  A 
50 mL Schlenk flask was charged with 18.3 mg of Ir(CO)(Cl)(PFc*
Et2)2 (17 μmol) and the solid 
was dissolved into 20 mL of CH2Cl2 to give a yellow solution.  A portion of 11.2 mg of [Fc]PF6 
(34 μmol) was added, resulting in the solution turning green.  A portion of 10.1 mg (34 μmol) 
[Bu4N]SCN was then added, resulting in the solution changing back to a yellow-orange color. 
ν(CO, cm-1): 2022, ν(SCN, cm-1): 2104, 2120.  Allowing the solution to stir under inert 
atmosphere for 20 hr resulted in no changes of the IR bands.  Attempted isolation of the resulting 
species proved unsuccessful.  
31
P NMR (CD2Cl2):  δ -16.84. 
Reaction of Ir(CO)Cl(PFc*
Et2)2 with 2 equiv of Fc
+
 followed by 2 equiv of N3
-
.  A 50 
mL Schelnk flask was charged with 23.5 mg of Ir(CO)(Cl)(PFc*
Et2)2 (22 μmol) and dissolved 
into 20 mL of CH2Cl2 to give a yellow solution.  A portion of 14.4 mg of [Fc]PF6 (44 μmol) was 
added, resulting in the solution turning green.  A portion of 12.4 mg (44 μmol) [nBu4N]N3 was 
then added, resulting in the solution changing back to a yellow-orange color. ν(CO/N2/3, cm
-1
): 
2022, 2044, 2063.  Allowing the solution to stir under inert atmosphere for 20 hr resulted in the 
three IR bands coalescing into one wide band at 2052 cm
-1
.  Attempted isolation of the resulting 
species proved unsuccessful.  Analysis by 
31
P NMR displayed only peaks for the PF6
-
 counterion. 
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Chapter 3: 
  Applications of Redox-Active Ligands Towards Hydrogen Production and Bidirectional 
[FeFe]-H2ase Models† 
3.1  Introduction. 
As discussed in Chapter 1, Nature uses H2ase enzymes to catalyze the reversible reaction 
between protons and electrons into hydrogen, depending on the physiological requirements on 
the biological cell.  Reconstructing the activity in small models would greatly increase our 
capacity to utilize hydrogen as a fuel, as models could both synthesis hydrogen as a fuel and 
oxidize it efficiently in a fuel cell.  In recent years models for the active sites of the hydrogenases 
enzymes have developed with respect to structural fidelity and to a lesser extent functional 
fidelity.  This progress results from our deepening biophysical knowledge of the enzymes and 
innovations in the synthetic organometallic chemistry.  In the case of Fe2(xdt)(CO)6, catalysis 
proceeds via initial reduction of the diiron center followed by protonation.  For more electron-
rich diiron complexes, catalysis begins with protonation followed by reduction of the 
intermediate diferrous μ-hydride.1-2  Early work showed that complexes of the type 
Fe2(dithiolate)(CO)4L2 catalyze the reduction of protons to H2.
3
  These early designs have been 
superseded, at least with respect to HER, by diferrous complexes with biomimetic 
stereochemistry, with a terminal hydride adjacent to the aminodithiolate cofactor.
4
   
    
Figure 3.1  Active site of FeFe-H2ase in two catalytically significant states. The location and 
presence of some H-atoms remain speculative.  
Although functional analogues have been report for electrocatalytic HER by diiron 
complexes, the enzymes are bidirectional, which means that they are capable of both oxidation 
of H2 and the reduction of protons.  The relative rates of these two reactions can differ by an 
order of magnitude, but both rates are rather fast and operate at low overpotentials (~80mV).
5-6
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[FeFe]-H2ase orchestrates the reaction of protons and electrons; therefore the acid-base 
and redox properties of active site models is of considerable interest.  In order to have a complete 
model for [FeFe]-H2ase, several biological features must be taken into account within the model 
system.  The two most important features are acid-base functionality and redox tuning of the Fe2 
core.    
3.1.1  Acid Base Chemistry of [FeFe]-H2ase Models. 
As [FeFe]-H2ases require reactivity with protons to function, the presence of an internal 
base proves critical to catalysis.  The essential nature of the adt was recently confirmed (see 
Chapter 1 for a more thorough analysis).
7-8
   Furthermore, synthetic models featuring the 
nitrogen bridgehead atom are considerably more reactive than those that feature other atoms such 
as carbon or oxygen.
4, 9
  With model complexes, the nitrogen of the azadithiolate is at least 
1000x less basic (MeCN scale) than a typical secondary alkyl amine (pKa
MeCN
 ~17-19)
10
.  The 
pKa of the amine is, however, sensitive to substitution at the Fe center.  The adt
R
 group is 
nonplanar, adopting a chair conformation that positions the amine over one Fe center with an 
N
…
Fe distance of about 3.5 Å.
4
  To the extent that the adt
H
 exists as an amine, the Hox state can 
be described as a frustrated Lewis pair.
11
  A sampling of pKa values of Fe2(adt
R
)(L)6 is shown 
below in Table 3.1, but unfortunately not a lot of data is present on these pKa values.  As the 
table displays, substitution at the Fe centers lead to a more basic site, not only in terms of the Fe2 
centers, but also in terms of the bridging amine. 
 
Table 3.1  pKa
MeCN
 Values for Various Azadithiolate Complexes.
12
 
Compound pKa
MeCN
 
Fe2(adt
Me
)(CO)6 8 
Fe2(adt
H
)(CO)6 8 
Fe2(adt
H
)(CO)4(PMe3)2 10 
Fe2(adt
Bn
)(CO)4(PMe3)2 12 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) 13 
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Scheme 3.1  Three common synthetic routes to azadithiolate-containing models. 
 The internal base in the form of a bridgehead amine is not the only critical basic site to 
account for in FeFe models.  In order to observe reactivity with protons in FeFe models, the iron 
centers must be basic enough to be protonated in order to behave in a biomimetic way.  Many 
[FeFe]-H2ase models begin with a Fe2(xdt)(CO)6 scaffold, however the Fe centers in this scaffold 
are not basic enough to undergo protonation, and when proton reduction is attempted with these 
scaffolds, the initial step is reduction from Fe
I
Fe
I
 to Fe
0
Fe
I
, then protonation.(ref)  Nature utilizes 
cyanide and carbonyl ligands to maintain the Fe centers in a low spin configuration.  
Furthermore, the presence of CN cofactors enables hydrogen bonding within the active site to 
hold the Fe2 core in a “rotated” state.  Complications arise when attempting to model [FeFe]-
H2ase with CN ligands, though recent advances in capping the CN ligands with boranes have still 
yielded valuable data.
13
  Instead of CN, phosphines (PR3), NHCs and other ligands have been 
utilized in modeling the [FeFe]-H2ase active site.  
3.1.2  Hydrogen Oxidation from synthetic [FeFe]-H2ase models. 
Previous work in modeling hydrogenases has made great strides in modeling both the 
oxidative and reductive aspects of [FeFe]-H2ase.  Proton reduction from [FeFe]-H2ase models 
was discussed in Chapter 1, and will not be repeated here.  Until recently, oxidation of hydrogen 
by [FeFe]-H2ase models had been largely unsuccessful. Early Hox models exhibited no reactivity 
toward H2.  This problem was foreshadowed by the low affinity of these same Hox models for 
CO,
42,44
 which is a potent poison for [FeFe]-H2ases.
14
  Models for Hox activate H2 only under 
forcing conditions (26 h, 298 K, 1800 psi H2).
15
  Underscoring the importance of proton relays, 
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[Fe2(adt
R
)(CO)3(dppv)(PMe3)]
+
, but not [Fe2(pdt)(CO)3(dppv)(PMe3)]
+
, affords good yields of 
[(μ-H)Fe2(adt
R
)(CO)3(dppv)(PMe3)]
+
.  It is assumed that H2 binding occurs at the open apical 
site on the rotated Fe(I) center of the Hox model; the formation the μ-hydride reflects the rapid 
isomerization of the initially formed terminal hydride. 
Oxidation of H2 by Hox models is proposed to be slow because the Fe
II
Fe
I
 core can only 
accept one of the two electrons released by H2.  Hydrogen activation by 
[Fe2(adt
R
)(CO)3(dppv)(PMe3)]
+
 is greatly accelerated in the presence of additional oxidants.
16
  
Ferrocenium cations such as Fc*
+
, which is a mild oxidant (E
MeCN
 = ‒550 mV), suffice for this 
role.  Self-exchange between ferrocene and ferrocenium is very fast, like the [Fe4S4]
2+/+
 couple.  
In contrast the [Fe2(xdt)(CO)3(dppv)(PMe3)]
+/0
 couple is subject to a large reorganizational 
energy as it switches from the rotated to unrotated structures.  This barrier does not apply to the 
enzyme wherein the FeFe site does not switch between rotated and unrotated structures.  For 
hydrogen oxidation by Hox models, weakly basic anions such as BAr
F
4
‒
 are used to minimize 
competition from anion binding with H2 to the rotated Fe
d
 center, which is only mildly 
electrophilic.  In the presence of Fc
+
 and a non-coordinating base (e.g., P(o-tolyl)3) to absorb 
protons, [Fe2(adt
Bn
)(CO)3(dppv)(PMe3)]
+
 oxidizes H2, forming (μ-
H)Fe2(adt
Bn
)(CO)3(dppv)(PMe3) over the course of several hours.  Stronger oxidants such as 
ferrocenium must be avoided lest they doubly oxidize the diiron core and induce binding of the 
amine on the adt
R
 cofactor to an Fe center.
17
   
The additional oxidant required for H2 oxidation can also be covalently attached as in 
[Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2)]
2+
.  The model complex Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) was 
first synthesized in our laboratory by Dr. James Camara.  The complex 
Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) was found to catalyze the oxidation of H2 when accompanied by 
the external oxidant in the form of [Fc]BAr
F
4.  The rates are modest, especially compared to the 
enzyme, but multiple turnovers have been observed over a matter of hours.
18
  Catalysis requires a 
redox agent covalently attached to the diiron center, as oxidation of hydrogen by similar methods 
was stoichiometric in the presence of external oxidant.
16
  While hydrogen oxidation has been 
achieved with other models under extreme conditions,
9
 the diiron center is much more competent 
towards H2 oxidation in the presence of an additional oxidant.  Similar to the oxidation of H2, the 
HER requires two reducing equivalents.  One of these equivalents is provided by the 
Fe
I
Fe
I
/Fe
I
Fe
II
 couple (-0.3  < E
CH2Cl2 < -0.8 V for donor-substituted derivatives of FeFe models.  
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The second equivalent would then be provided by a suitable reducing agent that simulates the 
role of a Fe4S4 cluster present in biological system.  Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) is poised to 
undergo two 1e
‒
 oxidations, one at the diiron core (‒700  mV) and one at the bound ligand (‒393 
mV).
19
  The doubly oxidized species was also found to bind CO. In the presence of external 
phosphine base and oxidant, Fe2(adt
Bn
)(CO)3(dppv)(FcP*) catalyzes oxidation of several 
equivalents of H2 over the course of several hours at 25 ºC (Scheme 3.2).  This model provided 
the first example of catalytic hydrogen oxidation by a diiron model.   
 
Scheme 3.2  Proposed mechanism for catalytic oxidation of hydrogen by 
Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) in the presence of base and excess [Fc]
+
 as oxidant. 
Catalytic hydrogen oxidation has also been observed using Fe2(pdt)(CO)4(PNP) (PNP = 
PrN(CH2PPh2)2).  Instead of an azadithiolate, the proton relay in this diiron dithiolate resides on 
a diphosphine ligand.  Previous work had demonstrated that PNP ligands facilitate the otherwise 
difficult exchange of μ-hydride ligands.  The internal base is critical to reactivity, as the related 
but amine-free complex [Fe2(pdt)(CO)4(dppp)]
+
 (dppp = Ph2P(CH2)3PPh2) exhibits no tendency 
to activate H2.
20
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3.2  Incorporation of Redox Active Ligands into Hydrogenase Models. 
When modeling the H-cluster of [FeFe]-H2ase, nearly all models focus exclusively on the 
FeFe sub cluster, and do not attempt to mimic the adjacent ferredoxin cluster.  For many FeFe 
systems, the ferredoxin cluster is replaced by an electrode, which shuttles electrons to the 
catalyst during hydrogen production.  However, several attempts have been made to incorporate 
the ferredoxin (or mimic its functionality) in a chemical fashion.  An early indication that 
incorporating more electrons into catalytic systems came from the Darensburg group, when they 
noticed that upon hydrogen evolution from one of their models, the second required electron 
originated from the N-heterocyclic carbene. Other redox active ligands have been incorporated 
into hydrogenase mimics without enhancing catalysis.
21-24
  These catalyst candidates however 
lack the adt functionality, and contain ferrocenes with very mild reduction potentials.   
 The work here attempts to incorporate all the necessary features of FeFe models with an 
azadithiolate cofactor, phosphine ligands to enhance the basicity of the Fe centers.   
3.2.1  Simple FeFe systems with Redox-Active Ligands. 
 As hydrogenase models are a topical area of study, we investigated the effects of binding 
ferrocenyl ligands to simple hydrogenase models.  Addition of one equivalent of Me3NO to an 
MeCN solution of Fe2(pdt)(CO)6 results in the formation of Fe2(pdt)(CO)5(MeCN).  The 
coordinated solvent is easily displaced by phosphine ligand, resulting in the complex 
Fe2(pdt)(CO)5(PFc*
Et2).  Electrochemical investigation demonstrated one reversible redox couple 
attributed to the ferrocenyl ligand, at -412 mV (utilizing [Bu4N]PF6 as the electrolyte), a shift of 
112 mV to more positive potentials.  This shift to more oxidizing potentials agrees with 
observations from previously explored Mo systems (Chapter 2). 
 In considering the generation of H2 from hydrogenase models, we reasoned that two 
moderately reducing electrons and an internal base may possibly generate hydrogen upon 
addition of strong acid.  The compound Fe2(adt
Bn
)(CO)4(PFc*
Et2)2 was synthesized to test this 
hypothesis.  Refluxing Fe2(adt
Bn
)(CO)6 with two equivalents of PFc*
Et2 produced the 
disubstituted product.  The compound Fe2(adt
Bn
)(CO)4(PFc*
Et2)2 possess one redox event 
assigned to both ligands at -497 mV (in [Bu4N]BAr
F
4), a shift of 110 mV to more oxidizing 
potentials (Figure 3.2).  A quasi-reversible redox event attributed to the oxidation of the FeFe 
core is observed near +400 mV, which is considerably more positive than what is typically 
observed for Fe2(xdt)(CO)4(L)2 systems.  However, the shift toward positive potentials is 
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rationalized by the fact that the event at +400 mV, while it is an oxidation at the Fe2 core, is a 
+2/+3 redox wave, and the additional electrostatics of the system result in a more positive 
potential than typically observed.    
   
 
 
 
Figure 3.2  CV of Fe2(adt
Bn
)(CO)4(FcP*
Et2)2.  Conditions: 100 mV/s, Pt, working and counter, 
Ag bar pseudo reference electrode, [Bu4N]BAr
F
4. 
 
Unfortunately, the addition of excess acid to this system only resulted in the formation of 
[Fe2(Hadt
Bn
)(CO)4(FcP*
Et2)2]
+
, as evidenced by a ~30 cm
-1
 shift in the ν(CO) to high frequencies.  
When monitored by GC, less than 0.05 equivalents of hydrogen was detected, even after an 
extended period of time (>3 h).  Generation of hydrogen is proposed to require both an 
ammonium proton and a terminal hydride, but iron centers of complexes with the form 
[Fe2(Hadt
Bn
)(CO)4(L)2]
+ 
are not basic enough at iron to generate terminal hydrides; therefore no 
reactivity with respect to hydrogen generation is observed.   
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Figure 3.3  IR spectra of Fe2(adt
Bn
)(CO)4(PFc*
Et2)2]
+ 
(top) and Fe2(Hadt
Bn
)(CO)4(PFc*
Et2)2]
+
 
(bottom) formed upon addition of 5 equiv of acid. 
 
3.3  Catalytic Hydrogen Evolution Mediated by [FeFe]-H2ase Models. 
In a recent report, the model complex Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1) was shown to 
catalyze the oxidation of H2 in the presence of ferrocenium (Fc
+
 = FeCp2
+
) and base.  Although 
the rates are modest compared to the enzyme, multiple turnovers have been achieved
18
, and this 
methodology has been expanded to similar FeFe systems.
25
  Catalysis by this compound requires 
a redox agent covalently attached to the FeFe center, as oxidation of hydrogen by 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3) is stoichiometric in the presence of external oxidant.
16
  This 
work was guided by knowledge that redox of H2/2H
+
 requires two redox equivalents and only 
one of these equivalents can be provided by the Fe
I
Fe
I
/Fe
I
Fe
II
 couple.  This couple ranges from -
0.5 to -1.2 V (all potentials in this paper are referenced to Fc
+/0
) for complexes of the type 
Fe2(SR)2(CO)3(PR3)3 and Fe2(SR)2(CO)2(PR3)4.  In our model, the second redox equivalent was 
supplied by ferrocenium reagents, whereas in the enzyme the [Fe4S4]
n-
 cluster supplies the 
second redox equivalent.  The same principles apply to HER: the reducing properties of the 
Fe
I
Fe
I
 core must be supplemented.  Thermodynamic considerations show that in MeCN solution, 
HER is favorable at potentials more negative than -0.026 V, depending on the acid's strength.
26-27
  
With a potential of ~ -0.5 V, the Fc*
+/0
 couple should be sufficient to simulate the role of the 
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+ 5 equiv H
+
cm
-1
Fe
2
(adt
Bn
)(PFc*
Et
2)
2
(CO)
4
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[Fe4S4]
n-
 cluster.  Thus, inclusion of an appropriate ferrocenyl phosphine ligand into [FeFe]-
H2ase models may enable HER in addition to the previously established H2 oxidation reaction.  
Several FeFe models were studied in the course of this work, and there structures are shown in 
Figure 3.4. 
 
 
Figure 3.4  Model FeFe complexes studied in the course of this work.  Oxidation states of Fe 
atoms are denoted by color. 
3.3.1  Investigation of Redox-Active Ligands under Acidic Conditions. 
Before investigating 3.1 and other FeFe complexes containing redox active ligands, 
PFc*
Et2 was subjected to acidic conditions to judge its protonation behavior.  It is conceivable 
that the ligand may be able to generate H2 of its own accord, as it possesses a basic site and an 
electron at relatively reducing potentials.  Solutions of Fc* are reported to evolve hydrogen in the 
presence of strong acids,
28-30
 but a solution of PFc*
Et2, Fc* (five equiv) and HBF4•Et2O (ten 
equiv) does not produce any observable hydrogen at -15 °C.  When the weaker acid with 
[NPh2H2]BAr
F
4 (pKa
MeCN
 = 5.97)
31
 as PFc*
Et2 was found to undergo protonation upon treatment 
as observed by 
31
P{
1
H}and 
1
H NMR spectroscopy (Figure 3.5), however this compound 
remained stable over the course of several days. 
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Figure 3.5  
1
H NMR spectrum of [PFc*
Et2H)]
+
 in CD2Cl2 solution.  Region for the PH proton is 
enhanced (JP-H = 186 Hz). 
 
3.3.2  Characterization and Hydrogen Generation by [FeFe]-H2ase Models 
Incorporating Redox Active Ligands. 
The structure of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1) was confirmed by X-ray 
crystallography (Figure 3.6).  Like related derivatives of the type Fe2(xdt)(CO)3(chel)(PR3),
32-33
 
the monophosphine (PFc*
Et2) occupies an apical position on the Fe(CO)2 site, while the dppv 
ligand spans apical and basal sites.  The PFc*
Et2 ligand is orientated away from the FeFe center.  
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Figure 3.6  Structure of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1).  Hydrogen atoms were omitted 
for clarity.  Thermal ellipsoids set at the 50% probability level.  Phenyl groups and ferrocenyl 
backbone have been simplified for clarity.  Selected distances (Å): Fe1-Fe2, 2.5379(7); Fe1-S1, 
2.251(1); Fe1-S2, 2.269(1); Fe2-S1, 2.286(1); Fe2-S2, 2.270(1); Fe1-P1, 2.179(1); Fe1-P2, 
2.200(2); Fe1-C27, 1.749(4); C27-O1, 1.157(4); Fe2-C37, 1.746(3); Fe2-C38, 1.751(6); C37-O2, 
1.159(4); C38-O3, 1.154(7); Fe2-N1, 3.343(7); Fe2-P3, 2.229(1); Fe3-C44, 2.07(3); Fe3-C45, 
2.01(1); Fe3- C46, 2.02(1); Fe3-C47, 2.04 (1); Fe3-C48, 2.05 (1); Fe3-C53, 2.028(5); Fe3-C54, 
2.023(7); Fe3-C55,  2.024(8); Fe3-C56, 2.05(1); Fe3-C57, 2.064(6); Fe3-Centroid (C53-C57), 
1.646(7); Fe3-Centroid (C44-C48), 1.64(1); C43-C44, 1.508(2); C43-P1, 1.768(5). 
 A noteworthy feature of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) is its ability to reduce 
protons to H2 directly, i.e. without the addition of reductant.  The yields of the HER are sensitive 
to several factors: order of addition of reagents, stoichiometry, and the presence of reducing 
equiv.  Treatment of a CH2Cl2 solution of 3.1 at -15 ºC with one equiv of [H(OEt2)2]BAr
F
4 
afforded the bridging hydride complex [(μ-H)3.1]+ over the course of several hours.  When this 
reaction was monitored by IR or NMR spectroscopy, rapid formation of the ammonium 
derivative [3.1(H)]
+
 was observed.  Dr. James Camara found that over the course of 30 min, 
[3.1(H)]
+
 isomerizes to [(μ-H)3.1]+ via a first order pathway. 
Although treatment of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) with one equiv of 
[H(OEt2)2]BAr
F
4 gave no H2, different results were obtained upon addition of excess acid to 3.1.  
With the addition of ≥ 2 equiv of [H(OEt2)2]BAr
F
4, H2 yields reached 0.5 equiv  (Table 3.2).  
Similarly, H2 is also produced when acid is added to a solution of [3.1H]
+
 (before isomerization 
84 
 
to [(μ-H)3.1]+). The bridging hydride complex [(μ-H)3.1]+ does not yield H2 upon further 
treatment with [H(OEt2)2]BAr
F
4 even in the presence of Fc* (Figure 3.7).    
 
 
Figure 3.7  Fc*-triggered catalytic hydrogen evolution occurs from the terminal hydride [term-
H3.1H]
2+, not from the isomeric bridging hydride [μ-H3.1H]2+.   
3.3.3  The Mixed-Valence Species [Fe2(adt
Bn
H)(CO)3(dppv)(PFc*
Et2)]
2+
 [3.1H]
2+
. 
A single organometallic product results from the rapid addition of excess 
[H(OEt2)2]BAr
F
4 to 3.1.  The IR spectrum of the resulting solution (νCO = 1957, 1912 cm
-1
; 
Figure 3.9, bottom) is consistent with [3.1H]
2+
.  This species features a ferrocenium ligand, an N-
protonated amine, and Fe
I
Fe
I
 core.  Complex [3.1H]
2+
 was independently generated by two 
additional methods: (i) protonation of 3.1 followed by oxidation and (ii) oxidation of 3.1 
followed by protonation, using [H(OEt2)2]BAr
F
4 and[Fc]BAr
F
4 as the acid and oxidant 
respectively (Figure 3.9).  The protonation of Hox models of these types leads to a redox 
tautomerization of the electron hole (Figure 3.8).  The IR spectrum of [3.1H]
2+
 generated by 
these methods matched that for product of treatment of 3.1 with excess acid.  As [3.1H]
2+ 
was 
often generated in excess acid and found to ultimately isomerize to [(μ-H)3.1]2+, no isolation of a 
solid compound was able to be performed.  Furthermore, reaction conditions were maintained at 
-15 °C to delay isomerization to bridging hydride species. 
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Figure 3.8  Redox tautomerization of [Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
)]
+
 upon amine 
protonation.  
 The X-band EPR spectrum of [Fe2(Hadt
Bn
)(CO)3(dppv)(PFc*
Et2
)]
2+
 ([3.1H]
2+
) is also 
consistent with the organometallic product after excess acid addition being a ferrocenium 
derivative.  The spectrum consisted of a very broad signal
 
at 77 K, typical for a ferrocenium 
derivatives.
34-35
   In contrast, the EPR spectrum of [3.1]
+
 and related FeFe-centered radicals 
feature axial spectra with significant (ca 50 MHz) hyperfine coupling to equivalent  phosphorus 
ligands.
18
 
Table 3.2  Yield of H2 from the Reaction of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) (4.2 mM in 
CH2Cl2) with Various Equiv of [H(OEt2)2]BAr
F
4.
a 
Equiv of H
+
 Equiv of H2 
2.0 0.30 ± 0.09 
5.0 0.45 ± 0.08 
10.0 0.56 ± 0.09 
20.0 0.47 ± 0.07 
a
GC analysis was performed 30 min. after addition of components.  GC yields were obtained in triplicate unless 
otherwise noted.  See experimental for additional details. 
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Figure 3.9  Generation of [Fe2(Hadt
Bn
)(CO)3(dppv)(PFc*
Et2
)]
2+
 [3.1H]
2+
 by protonation of [3.1]
+
 
with one equiv of [H(OEt2)2]BAr
F
4 (left) and by adding one equiv of [Fc]BAr
F
4 to [3.1H]
+ 
(right). Inset: Chemical structure of [3.1H]
2+
. 
 3.3.4 Hydrogen Evolution Catalyzed by Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1).  
The reduction of protons by 3.1 becomes catalytic in the presence of multiple equiv of 
Fc* (Table 3.3).  Furthermore, the stoichiometry of HER approaches one H2 per two Fc*.  Thus, 
when a solution of 3.1 and five equiv of Fc* was added to 10 equiv of [H(OEt2)2]BAr
F
4, 3.3 (± 
0.3) equiv of H2 are obtained after 30 min. (theoretical yield: 3.0 equiv, 0.5 equiv from 1, and an 
additional 2.5 equiv from added Fc*).  Catalysis by 3.1 was further probed by serial addition of 
acids (Figure 3.10).  A mixture of solid 3.1 and 20 equiv of [H(OEt2)2]BAr
F
4 was treated with a 
CH2Cl2 solution of five equiv of Fc*.  Gas chromatographic (GC) analysis after 30 min. revealed 
the formation of 2.3 equiv of H2 (theoretical yield: 3.0 equiv).  Addition of five further equiv of 
Fc* gave an additional 2.5 equiv of H2 (theory: 2.5 equiv).  Repeating this procedure yielded a 
further 1.6 equiv of H2 before the catalyst became inactive.  Under these conditions, the yield of 
hydrogen was ~80% (6.4 equiv of H2 from 16 equiv of Fc*, 1 equiv internal, 15 equiv external).  
The inefficiency of the system is attributed catalyst degradation to [(μ-H)3.1]+ and its N-
protonated derivative [(μ-H)3.1H]2+, as observed by IR spectroscopy.  Since the protonation and 
electron transfers are fast, the decomposition is suppressed at lower temperatures.  HER from 
[3.1]
+
 and acids can also be driven by the addition of Fc
#
, although the reaction is slower than 
when using Fc* (Table 3.4). 
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Table 3.3  Yield of H2 by Treatment of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) (4.2 mM in 
CH2Cl2) with [H(OEt2)2]BAr
F
4 and Fc*.
a
   
Equiv of 1 Equiv of H
+
 Equiv of Fc* Solvent Equiv of H2  
1 5 0 CH2Cl2 0.45 ± 0.08 
1 5 1 CH2Cl2 1.1 ± 0.19 
1 5 4 CH2Cl2 1.5 ± 0.3 
1 5 10 CH2Cl2 0.94 ± 0.15 
1 10 5 CH2Cl2 3.3  ± 0.3 
1 10 5 MeCN 0.28 ± 0.03
 
0 10 5 CH2Cl2 0.01 ± 0.01 
a
GC analysis was performed 30 min. after addition of components.   
Table 3.4  Yield of H2 by Treatment of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1) (4.2 mM in 
CH2Cl2) with [H(OEt2)2]BAr
F
4 and Reducing Agent.
a
 
Equiv 
of H
+
 
Equiv 
of Fc* 
Equiv 
of Fc
#
 
Equiv of H2  
Time, h 
10 5 0 3.3 ± 0.3 0.5 
10 0 5 3.3 ± 0.4
b
 3.0 
a
Time is approximate period to maximum yield of H2. 
b
Experiment was repeated twice 
 
Figure 3.10  Results of serial addition of Fc* to Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
).  The solution 
began with five equiv of Fc* and 20 equiv of [H(OEt2)2]BAr
F
4.  Asterisks mark the time that the 
headspace was analyzed and then evacuated.  To the resulting solid was added another solution 
of five equiv of Fc*, and the headspace was reanalyzed after 30 min, and then evacuated.   This 
process was repeated until hydrogen could no longer be detected by GC.  
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Yields of hydrogen are strongly affected by acid strength.  Using ten equiv of 
[NPh2H2]BAr
F
4 (pKa, MeCN = 5.97)
31
 in place of [H(OEt2)2]BAr
F
4 (together with 5 equiv of Fc* 
and Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) ) yielded only 0.30 equiv of hydrogen even after an 
extended period of time.  IR analysis of the reaction mixture showed the amine protonated 
species [3.1H]
+
 as the dominant organometallic species in solution. 
 
 
Figure 3.11  Resultant IR of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1) with 5 equivalents of Fc* and 
10 equivalents of [NPh2H2]BAr
F
4.  By gas chomatographic analysis, roughly 0.30 equivalents of 
hydrogen was produced.  IR was taken 4.25 hours after acid was added to 3.1. 
 Protonation of the amine affects the site of oxidation in the triiron ensembles.  In 
Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1), initial oxidation occurs at the FeFe core, followed by 
oxidation at the ferrocenyl ligand.  In [3.1H]
+
, initial oxidation occurs at the ferrocenyl ligand 
followed by oxidation at the FeFe center (Figure 3.12).  The localization of oxidation is reflected 
by differences in νCOavg upon oxidation.  Thus, the [3.1]
0/+
 and [3.1H]
+/2+
 couples are associated 
with ΔνCOavg by 60  and 5 cm
-1
, respectively (Figure 3.13).  Small shifts of νCO on the order of 5- 
15 cm
-1 
are expected for the oxidation of ferrocenyl ligands.
18, 23, 36
  While not directly measured, 
the [3.1H]
2+/3+
 couple, which requires [acetylFc]
+
 in order to effect oxidation (E1/2 = 270mV)
37
, is 
estimated to be positive of 0 mV (Figure 3.14).
17
 The [3.1H]
2+/3+
 is accompanied by a shift in the 
ν(CO) of > 60 cm-1 , implying oxidation at the FeFe core. 
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Figure 3.12  Electrochemical changes undergone by Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1) as 
compared to [3.1H]
+
. 
  
Figure 3.13  IR spectra of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
)  (3.1) (left) and [3.1H]
+
 (right) before 
(top) and after (bottom) oxidation with [Fc]BAr
F
4. 
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Figure 3.14  IR spectra of Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (top), the resulting product after 
oxidation by one electron (red), the new product after addition of equiv of H
+
 (blue), and the 
subsequent oxidation of the one-electron oxidized, protonated product (green). 
 
3.3.5  Investigation of Modifications to Catalytic Systems. 
Upon discovering that Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1),  catalyzes HER, variations 
of the catalyst structure were examined.  The complex Fe2(adt
Bn
)(CO)3(dppv)(PFc
#Et2) (3.2) has 
one fewer methyl group on the ferrocenyl ligand.  Correspondingly, the [3.2]
+/2+
 couple, which is 
ferrocenyl ligand-localized, is 78 mV more positive than the [3.1]
+/2+
 couple, although the 
[3.1]
0/+
 and [3.2]
0/+
 couples are almost identical (Figure 3.15, Table 3.5).  Apparently reflecting 
its diminished reduction potential, 3.2 is a slower, less efficient catalyst than 3.1 (Table 3.6).  
The organometallic product obtained by treatment of 3.2 with excess acid is consistent with 
[3.2H]
2+
, in analogous fashion to product from treatment of 3.1 with excess acid (Figure 3.16). 
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Figure 3.15  Cyclic voltammogram of 1.0 mM Fe2(adt
Bn
)(CO)3(dppv)(PFc
#Et2) (3.2) in CH2Cl2 
solution at 25 °C at 0.1 V/s in [Bu4N]BAr
F
4.  E1/2 = -713 mV (ipa/ipc = 0.77), -315 mV (ipa/ipc = 
0.86).   
 
 
Table 3.5  Electrochemical Potentials of Pertinent Ligands and their Diiron Complexes.
a
   
Compound 
PFc
x
 
Couple 
Fe
I
Fe
I
/Fe
I
Fe
II 
Couple 
PFc*
Et2 -591 n/a 
PFc
#Et2 -536 n/a 
Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1) -393 -700 
Fe2(adt
Bn
)(CO)3(dppv)(PFc
#Et2) (3.2) -315 -713 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3) n/a -715 
Fe2(pdt)(CO)3(dppv)(PFc*
Et2) (3.4) -382 -675 
a
All potentials were measured in CH2Cl2 with [Bu4N]BAr
F
4 electrolyte. 
Table 3.6  Yield of H2 by Treatment of 3.2 (4.2 mM in CH2Cl2) with [H(OEt2)2]BAr
F
4.
a
   
Equiv. 
of H
+
 
Equiv. 
of Fc* 
Equiv of H2 Time, h 
5 0 0.26 ± 0.03 0.5 
10 5 3.3 ± 0.3 2.0 
a
Time is approximate period to maximum yield of H2. 
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Figure 3.16  IR spectra of [Fe2(Hadt
Bn
)(CO)3(dppv)(PFc
#Et2)]
2+
  ([3.2H]
2+
) formed by the 
addition of excess acid to 3.2. 
In contrast to Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2
) (3.1), the reference compound 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3) does not generate hydrogen upon treatment with 5 equiv of 
[H(OEt2)2]BAr
F
4.  The result is significant because, in addition to 3.3 having the amine relay site, 
the FeFe redox couple is nearly the same for 3.1 and 3.3.  As indicated by the IR signatures (two 
νCO bands in unprotonated to three νCO bands in N-protonated) addition of acid to 3.3 
immediately produces [3.3H]
+
).  
31
P{
1
H} NMR analysis confirms the formation of [3.3H]
+
 (δ 
92.8 (dppv) and 33.0 (PMe3)) (Figure 3.17).  Over the course of hours at -15 ºC, [3.3H]
+
 converts 
to the ammonium hydride [(μ-H)Fe2(adt
Bn
H)(CO)3(dppv)(PMe3)]
2+
 ([(μ-H)3.3H]2+, Figure 3.18).   
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Figure 3.17  
31
P{
1
H} NMR spectra of various stages in the reaction of 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3, bottom, 1) and 5 equiv of [H(OEt2)2]BAr
F
4: 50 min (2) and 
260 min (3) and 18.25 h (4).  The solution was maintained at 0 °C for the first 3 h before being 
allowed to warm to room temperature overnight.   
Assignments:3.3: δ 92.6, 19.7; [(μ-H)3.3]+: δ 93 and 24.9 
 
94 
 
 
Figure 3.18  IR spectrum (CH2Cl2 solution) of Fe2(adt
Bn
)(CO)3(dppv)(PMe3) in the presence of 5 
equiv of [H(OEt2)2]BAr
F
4 at -15 °C after 40 min. (top) and after 150 min. (bottom).  Asterisked 
peaks are assigned as [3H]
+
. 
Although Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3) will not reduce protons to H2, it does so 
upon the addition of Fc*.  Thus, treatment of 3.3 with five equiv of [H(OEt2)2]BAr
F
4 and one 
equiv of Fc* produced 0.94 ± 0.18 equiv of H2.  The immediate organometallic product is the 
ammonium complex [3.3H]
+
, as indicated by IR spectroscopy.  The reaction is catalytic in the 
presence of ten equiv of acid and five equiv of reductant (Table 3.7).  Over the period of several 
hours, solutions of [3.3H]
+ 
decay to [(μ-H)3.3]+, which is inactive with respect to hydrogen 
generation. 
Table 3.7  Yield of H2 from the Reaction of 3.3 (4.2 mM in CH2Cl2) with [H(OEt2)2]BAr
F
4 and 
Varying Equivs of Fc*.
a
 
Equiv. 
of H
+
 
Equiv. 
of Fc* 
Equiv. of 
H2  
Time, h 
5 0 0 0.5 
5 1 0.9 ± 0.2  0.5
b
 
10 5 2.7 ± 0.5 1.5 
a
Time is approximate period to maximum yield of H2. 
b
Concentration was 5.8 mM. 
 
Although HER is possible both with and without attachment of a reducing agent, the 
amine is critical to catalysis.  Catalysis was attempted with the pdt analogue of 
Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1), namely Fe2(pdt)(CO)3(dppv)(PFc*
Et2) (3.4).  Like 3.1, 3.4 
undergoes two reversible, one-electron oxidations, one centered on the FeFe core and another 
2100 2000 1900 1800
* *
*
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belonging to the ligand (Figure 3.19, Table 3.6).  These couples are very similar to those for 
[1]
0/+
 and [1]
+/2+
.  Treatment of 3.4 with five equiv of [H(OEt2)2]BAr
F
4 gave <0.01 equiv of H2, 
as the FeFe precursor converted to the bridging hydride species [(μ-H)3.4]+.  Treatment of 3.4 
with ten equiv of [H(OEt2)2]BAr
F
4 and five equiv of Fc* produced small amounts of hydrogen (< 
0.05 equiv) after 30 min, and hydrogen production did not noticeably increase when reaction 
times were lengthened to 2 h.  The main product, based on IR spectroscopy, was [(μ-H)3.4]+.  
The effects of changes to 3.1 are summarized in Table 3.8.   
 
Figure 3.19  CV of 1.0 mM of Fe2(pdt)(CO)3(dppv)(PFc*
Et2) (3.4) in CH2Cl2 solution at 25 °C at 
0.1 V/s in [
n
Bu4N]BAr
F
4.  E1/2 = -675 mV (ipa/ipc = 0.73), -382 mV (ipa/ipc = 0.97). 
 
Table 3.8  Yields of H2 by Treatment of Various Catalysts (4.2 mM in CH2Cl2) with 
[H(OEt2)2]BAr
F
4.
a
   
Catalyst 
Equiv. 
of H
+
 
Equiv. 
of Fc* 
Equiv. of H2 Time, h 
3.1 10 5 3.3 ± 0.03 0.5 
3.2 10 5 3.3 ± 0.3 2.0 
3.3 10 5 2.7 ± 0.5 1.5 
3.4 10 5 0.04 ± 0.01 0.5 
a
Time is approximate period to maximum yield of H2. 
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3.4  Discussion of Important Mechanistic Aspects to Hydrogen Evolution. 
A proposed mechanism for the reaction of [1]
0
 with protons to produce H2 is shown 
below (Figure 3.20).  Generation of H2 is proposed to proceed via the following steps: 
  
Figure 3.20  Proposed hydrogen evolution mechanism for [3.1]
0
 (and [3.2]
0
 if R = H) in the 
presence of excess acid and reducing agent. The mechanism for [3.3]
0
 lacks the state at 6 o’clock 
and the red pathway, but is otherwise the same.  
 
Compound [3.1]
0
 initially protonates at the amine to give [3.1H]
+
, which can be observed.  
Compound [3.1H]
+
 then undergoes protonation at iron to give a terminal hydride, the ammonium 
center not serving as a proton relay.  Possibly concomitant with the previous step, electron 
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transfer from PFc*
Et2 induces elimination of H2 from the ammonium hydride, producing [3.1]
2+
.  
Aspects of the catalysis are discussed in the following sections. 
 3.4.1 Effect of Comproportionation. 
 The observation that the reaction of [3.1]
0
 with excess H
+
 yields only 0.5 equiv of H2 
results from comproportionation (Figure 3.20, center arrows).  Comproportionation arises 
because the immediate product of HER, [1]
2+
 is reduced by [1]
0
, yielding [1]
+
.  Analogous 
processes are favorable for the redox between [1]
2+
 and [1H]
+
, which is converted entirely to 
[1H]
2+
 in the presence of excess acid.  The comproportionation of [1]
0
 and [1]
2+ 
is favored by 307 
mV, as the potentials for [1]
0/+
 and [1]
+/2+
 are at -700 mV and -393 mV respectively.  Although 
comproportionation complicates analysis for the organometallic complexes, the stoichiometry of 
catalysis is unaffected.  In the proteins, redox reactions between H clusters would be precluded. 
3.4.2 Role of Azadithiolate. 
Hydrogen generation in these systems requires the azadithiolate.
4
  The amine is the 
kinetic, but not thermodynamic, site of protonation.  In the present case, however, the amine 
cofactor serves two roles, as a proton donor and as a regulator of the reducing power of the FeFe 
subunit. 
The proton-relay function of the azadithiolate is unusual in the present systems.  In 
contrast to other biomimetic models, HER by [3.1]
0
 and [3.2]
0
 requires strong acids: the likely 
rate determining step is protonation of [3.1H]
+
/[3.2H]
+
 at the weakly basic Fe center.  In these 
cases, the ammonium center does not relay protons.  In fact, N-protonation interferes with 
hydride formation since it decreases the basicity of the Fe
I
 center.  Subsequent to the second 
protonation (to give [H3.1H]
2+
/[H3.2H]
2+
), intramolecular electron transfer is proposed to occur. 
In the resulting mixed valence species [H3.1H]
+
/[H3.2H]
+
, the ammonium proton couples to the 
terminal hydride.   
N-Protonation of Fe2(adt)(CO)6-x(L)x complexes also affects the redox properties of the 
diiron core.  N-Protonation shifts the Fe
I
Fe
I
/Fe
I
Fe
II
 couple about 500 mV.
17, 38-39
  Thus, the [1]
0/+
 
couple (-700 mV) is localized on the diiron center, whereas the [1H]
+/2+
 couple (estimated at -
390 mV) is ferrocene-based.    
3.4.3  H2 Elimination. 
Previous work showed that diferrous ammonium-hydrides, e.g., 
[HFe2(Hadt
Bn
)(CO)2L4]
2+
, do not eliminate dihydrogen.
4, 40
  Reductive elimination of H2 would 
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afford the 32e
-
 dications, which are high energy species as confirmed electrochemically.
17, 32
  
Instead, H2 release is triggered by reduction, which we propose is localized on the proximal 
(non-hydride-bearing) iron center.
41
  In this way, hydrogenogenesis (and the reverse reaction, 
hydrogen oxidation) is regulated by the redox potential of the catalyst's environment.  The 
present work does not distinguish a discrete ammonium hydride intermediate vs a concerted 
PCET pathway.  We do know that reduction induced HER from the ammonium hydride is very 
fast, since terminal hydrides rapidly isomerize to the catalytically incompetent μ-hydride species 
(see below). 
3.4.4 Terminal vs Bridging Iron Hydrides. 
A recurring challenge to biomimetic HER is the tendency of terminal hydrides of FeFe 
dithiolates to isomerize to μ-hydrido derivatives.  This isomerization is of great interest since the 
[FeFe]-H2ases operate via terminal hydrides and synthetic models are also faster for terminal 
hydrides relative to the isomeric bridging hydrides.
4
  The terminal-to-bridging hydride 
isomerization is slow with bulky terminal hydrides, e.g. [HFe2(xdt)(CO)2(PMe3)4]
+
 and 
[HFe2(xdt)(CO)2(dppv)2]
+
 (xdt = pdt or adt), with halflives of minutes to hours at room 
temperature.
4, 40
  For less bulky complexes, e.g.  [HFe2(xdt)(CO)3(PMe3)(dppv)]
+
 and the 
complexes discussed in this work, the isomerization proceeds is rapid even at -90 ºC, with 
protonation occurring at the Fe(PMe3)(CO)2 site.
42
  For catalytic HER to occur with 3.1, 
reduction of the ammonium hydride must be faster than the unimolecular isomerization to 
bridging hydrides.   
3.4.5 Role of Appended Fc* Group.   
The mechanism for proton reduction catalysis by catalysts 3.1-3.3 is the same.  In all 
cases, protonation at the amine is followed by protonation at iron and then electron transfer from 
a ferrocene group.  In the absence of Fc* or PFc*
R2 isomerization of terminal hydrides to the 
catalytically inactive bridging hydrido complexes occurs.  Additionally, with [3.1]
0
 and [3.2]
0
, a 
unique species is observed ([3.1H]
2+
and [3.2H]
2+
) which displays an enhanced stability with 
respect to formation of bridging hydrides than the respective ammonium counterparts [(3.1-
3.3)H]
+
. 
3.4.6 Overpotential. 
The overpotential for the HER are estimated on the assumption that E
MeCN
 ~ E
CH2Cl2.  In 
MeCN solution, HER from fully dissociated acid occurs at -0.026 V.
27
  With E
MeCN
(Fc*
0/+
, 
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[Bu4N]BAr
F
4) = -0.61 V, the overpotential for HER by [3.1]
0
 is 0.54 V, based on the [Fc*]
+/0
 
couple.  Using Fc
#
 (E
CH2Cl2, [Bu4N]BAr
F
4 = -0.50 V) for catalysis (Table 4), the overpotential 
drops to 0.43 V although the rate of hydrogen evolution also slows relative to Fc* (for Fc*, 6.6 
TO/h; Fc
#
, 1.1 TO/h).  
 
3.5  Conclusions. 
Several [FeFe]-H2ase models have been found to catalyze the reduction of protons to H2 
in the presence of acid and soluble reductant.  Additionally, 3.1 and 3.2 were found to directly 
react with acid to yield H2, which is unprecedented in H2ase models.  The reported work 
reinforces the view that the [Fe4S4]
n-
 cluster serves a critical role in HER catalysis.
43
  In the 
absence of additional Fc* or PFc*
R2, catalysis does not occur; rather, bridging hydride species 
are generated.  The catalytic reaction can be summarized according to the equation below.   
 
2H
+
 + 2 Fc*      H2 + 2 Fc*
+
 
 
In MeCN solution, HER from fully dissociated acid is calculated to occur at -0.026 V,
27
 thus 
HER is thermodynamically favorable by 0.58 V for Fc*.   
Other redox active ligands have been incorporated into hydrogenase mimics without 
enhancing catalysis.
21-24
  These catalyst candidates however lack the adt functionality, and 
contain ferrocenes with very mild reduction potentials.  The catalysts presented in this work 
show enhanced reactivity due to the combined effect of three factors: (i) the adt cofactor, (ii) 
sufficiently basic FeFe core to enable formation of terminal hydrides, and (iii) presence of a 
redox-active ligand with sufficient driving force.  The complete FeFe model provides a location 
to bring a hydride and a proton together.   
Further work on [FeFe]-H2ase modeling could focus on catalysts that are more robust and 
operate faster at lower overpotentials.  Both goals would be met by bulkier more basic FeFe 
centers.  The Fe2(adt
R
)(CO)2(dppv)2 system meets some of these criteria, as the terminal hydride 
is stable for minutes at room temperature and the basicities of the amine and the Fe
I
Fe
I
 center are 
matched.  The main problem are associated is the [HFe2(Hadt)(CO)2(dppv)2]
2+/+
 at -1.4 V, which 
requires strong reductants that do not react directly with proton donors.  In living systems, 
[Fe4S4]
n-
 clusters (ca. -1.4 V) serve as donors.
44
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3.6  Experimental. 
Gas chromatography was performed using an Agilent 7820A instrument equipped with a 
thermal conductivity detector and a 5Å molecular sieve (80-100 mesh) column using CH4 as an 
internal standard.  The response factor for H2/CH4 was 3.8 under our conditions, as established 
by calibrations of standard H2 and CH4.  Irradiation reactions were undertaken using Pyrex 
Schlenk flasks using a light-emitting diode array from Opto Technology with a light output of 
365 mn. For a further detailed explanation of methods, see Chapter 2.  The compounds 
[H(OEt2)2]BAr
F
4,
45
 [Bu4N]BAr
F
4,
46
 Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2) (3.1),
18
 
Fe2(adt
Bn
)(CO)3(dppv)(PMe3) (3.3)
9
 were prepared according to literate procedures  
Fe2(pdt)(PFc*
Et2)(CO)5.  Inside a nitrogen filled glove box, a 100-mL Schelnk flask was 
charged with 46.6 mg (121 μmol) of Fe2(pdt)(CO)6.  The flask is affixed to the Schelnk line, 
where the solid is dissolved into 10 mL of MeCN.  A separated solution of 9.1 mg Me3NO (121 
μmol) in 5 mL of MeCN is canula transferred into the Fe2(pdt)(CO)6 solution under argon, where 
the red solution darkens slightly.  The solution is allowed to stir for 30 min, at which point a 
solution of 50 mg PFc*
Et2 (121 μmol) in 25 mL of MeCN is cannula transferred over.  The 
solution is allowed to stir for an hour, at which point solvent is removed under vacuum.  The 
product is extracted into hexanes and filtered through a pad of celite.  Removal of solvent yields 
Fe2(pdt)(PFc*
Et2)(CO)5 as a red solid.  Yield: 17 mg (18 %).  
31
P NMR (CD2Cl2):  δ 61.33.  IR 
(CH2Cl2, ν(CO), cm
-1
): 2076, 2039, 2006, 1982, 1964, 1925. 
Fe2(adt
Bn
)(PFc*
Et2)2(CO)4.  Inside a nitrogen filled glove box, 105 mg of 
Fe2(adt
Bn
)(CO)6 (0.22 mmol) and 200 mg of PFc*
Et2 (0.48 mmol, 2.2 equiv) were combined into 
a 100 mL 3 neck Schlenk flask.  The flask was affixed to a Schlenk line and equipped with a 
condenser column.  Addition of 35 mL of toluene yielded a red solution, which was refluxed for 
16 hr while monitoring by IR.  Upon completion, the solvent is evaporated under vacuum, and 
the product extracted into diethyl ether and passed through a silica plug.  Removal of diethyl 
ether results in an oily red compound.  Addition of pentane, followed by cooling to -35 °C led to 
the formation of red crystals which were isolated via filtration.  Yield: 195 mg (74%). 
 1
H NMR 
(CD2Cl2):  δ 7.33-7.19 (C6H5, m, 5H), 3.60 (NCH2Ph, s, 2H), 3.09 (SCH2N, s, 4H), 3.04 
(PCH2Cp, d, 4H), 1.80 (s, 12H), 1.71, (s, 12H), 1.67, (s, 30H), 1.10 (m, PEt2).  
31
P{
1
H} NMR 
(CD2Cl2):  δ 59.0 (s). IR (CH2Cl2, ν(CO), cm
-1
): 1978, 1941, 1907, 1893 (sh). 
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Protonation of Ferrocenylphosphines.  A J. Young tube was charged with 5 mg of 
PFc*
Et2 (12 μmol) and 12.5 mg of [NH2Ph2]BAr
F
4 (12 μmol).  Approximately 500 μL of CD2Cl2 
was distilled onto the solids, forming a yellow solution.  The signal in the 
31
P{
1
H} NMR 
spectrum shifts from -17.4 for the phosphine (PFc*
Et2) to +15.5 for the phosphonium derivative.  
In the 
1
H NMR spectrum, the signals for the methyl groups on the ferrocene do not change 
drastically upon protonation, but a pair of multiplet signals are observed centered at δ 4.98 and 
5.90 (JP-H = 186 Hz), assigned to PH.  The 
1
H NMR signal for the PH center in HPEt3
+
 is 
reported at 5.97.
47
  The spectrum of phosphonium species remained unchanged over a period of 
2 days at room temperature.  Addition of strong acids (even one equiv) to PFc*
Et2 caused the 
31
P{
1
H} NMR signal to disappear, an effect we attribute to the generation of a small amount of 
[PFc*
Et2]
+
, a paramagnetic species in rapid exchange with the parent ferrocene. 
Synthesis of Fe2(adt
Bn
)(CO)3(dppv)(PFc
#Et2).  Compound was prepared in analogous 
fashion to Fe2(adt
Bn
)(CO)3(dppv)(PFc*
Et2), using PFc
#Et2 in place of PFc*
Et2.  Yield: 70%.  
1
H 
NMR (CD2Cl2):  δ 8.06-7.95, 7.43-7.14 (broad, m, 27H), 6.77 (d, 2H), 3.14 (s, 1H), 3.10 (d, 2H), 
3.00 (s, 2H), 2.78 (d, 2H), 1.87 (s, 6H), 1.77 (s, 6H), 1.70 (m, 4H, overlapping), 1.69 (s, 6H), 
1.64 (s, 6H), 1.06 (m, 6H).  
31
P{
1
H} NMR (CD2Cl2):  δ 93.96 (s), 58.43 (s). IR (CH2Cl2, cm
-1
): 
1955, 1900. Anal. Calcd for C61H70Fe3NO3P3S2 (found): C, 61.58 (61.75); H, 5.93 (6.05); N, 
1.18 (1.68) 
Synthesis of Fe2(pdt)(CO)3(dppv)(PFc*
Et2).  A 300-mL Schlenk flask was loaded with 
255 mg of Fe2(pdt)(CO)4(dppv) (0.35 mmol) and 162 mg of PFc*
Et2
 (0.39 mmol).  The solids 
were dissolved into 150 mL of dry PhMe, and the solution was photolyzed at 365 nm while 
flushing the flask with Ar to remove CO.  The reaction was monitored by IR, and upon 
completion (no further decrease in the carbonyl band at ~2020 cm
-1
), the solvent was removed 
under vacuum.  The residue was chromatographed inside a glovebox on a column of silica gel.  
Elution with 5% Et2O in pentane yielded a fast moving orange yellow band (excess ligand), 
followed by a slower moving brown-red band.  The beginning of the brown red band contained 
desired product, however as the band continued to elute, contamination of unreacted 
Fe2(pdt)(CO)4(dppv) with the product was observed.  Removal of solvent from the fractions 
containing only Fe2(pdt)(CO)3(dppv)(PFc*
Et2) of red-brown solid. 
  
Yield: 125 mg (32%).  
1
H 
NMR (CD2Cl2): δ 8.07-7.29 (broad, m, 20H), 3.07 (d, 2H), 1.82 (s, 6H), 1.74 (m, overlapping, 
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4H), 1.71 (s, 6H), 1.65 (s, 15H), 1.12 (m, 6H).   
31
P{
1
H} NMR (CD2Cl2):  δ 93.95 (s), 57.85 (s). 
IR (CH2Cl2): 1955, 1900.  Anal. Calcd for C56H67Fe3O3P3S2 (found): C, 60.45 (60.14); H, 6.07 
(5.94)  
Hydrogen Evolution Experiments.  Within a nitrogen filled glovebox, a 7.5 mL GC vial 
is charged with 4.2 μmol diiron compound, followed by the appropriate mass of [H(OEt2)2]BAr
F
4 
and reductant and a triangular stir bar. A septum is affixed and wired down with copper wire and 
the vial is brought out of the box, and cooled to -15 ± 2.5 °C.  Simultaneously, 1.0 mL of dry 
CH2Cl2 and 60 μL of methane (internal standard) are added, and grease is applied at the needle 
puncture site.  After the appropriate amount of time (30 minutes, unless otherwise specified), 
grease is wiped off, 500 μL of headspace is withdrawn, and grease reapplied.  In the event that 
multiple samples of headspace were removed and tested, the hydrogen output and methane 
standard were recalculated to account for what was lost during the previous GC analysis. 
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Chapter 4: 
Synthesis and Usage of Monometallic Iron Sources to Synthesize Bimetallic Complexes for  
Modeling [FeFe]-H2ase†
1
 
4.1  Introduction. 
In the quest to design and implement new catalysts for the formation and processing of 
H2, much work and thought has been directed at mimicking the activity of the hydrogenase 
enzymes.  Catalyst design of the [FeFe]-H2ase active site often begins with Fe2(xdt)(CO)6, which 
can undergo ligand substitution to increase the electronic density and tune the redox potential at 
the Fe centers (Figure 4.1).
1
  In order to elucidate a more complete enzyme mechanism, as well 
as interest in base metal H2-processing catalysts,
2
 chemists have prepared many examples of 
these dithiolates.
3
   
 
 
Figure 4.1  Biological active sites of [FeFe]-H2ase (left) and common synthetic precursors to 
model systems (right). 
 
One feature of the [FeFe]-H2ase active site that is often overlooked is the unsymmetrical 
nature of the FeFe core.  While each Fe contains approximately the same number and type of 
ligands in the first coordination sphere, all of the reactivity occurs at one Fe center, with the 
additional Fe acting as a redox mediator.  Furthermore, modeling the unsymmetrical nature in 
molecular models has resulted in strikingly different reactivity.  For example, protonation of the 
compound Fe2(pdt)(dppv)(CO)4 at low temperatures results in the formation and detection of a 
transient terminal hydride, before isomerization to a bridging hydride.  In the related complex 
                                                 
†1
 Portions of this chapter are reproduced from the following publication with permission from 
the authors.  Carroll, M. E.; Chen, J.; Gray, D. E.; Lansing, J. C.; Rauchfuss, T. B.; Schilter, D.; 
Volkers, P. I.; Wilson, S. R. Organometallics 2014, 33, 858-867. 
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Fe2(pdt)(PMe3)2(CO)4, such terminal hydrides are not observed, even at low temperatures.
4
 The 
effect of symmetrical versus unsymmetrical substitution in modeling is also evident from a 
comparison of redox potentials.  For unsymmetrical-Fe2(pdt)(dppe)(CO)4 (both phosphorus 
atoms bound to one Fe), the oxidation potential is at -170 mV, whereas for the unsymmetrical 
version of Fe2(pdt)(dppe)(CO)4 (one phosphorus bound to each Fe), the oxidation potential is at 
+70 mV.
5
 
Traditional generation of compounds of the type Fe2(xdt)(CO)6−nLn involves preparation 
by ligand (L) substitution of hexacarbonyls Fe2(xdt)(CO)6,
6
 which can be generated by a number 
of means, including the treatment of Fe3(CO)12 with thiols.  Fe2(S2)(CO)6
7-8
, as well as 
Fe2(SH)2(CO)6, have been found to be an ideal platform as a precursor to diiron complexes
9
 of 
more elaborate organosulfur ligands (Scheme 4.1).
10-11
   
 
 
Scheme 4.1  Synthetic procedures for generating Fe2(xdt)(CO)6. 
 
Synthesis of FeFe models however, may be generated from Fe complexes.  Several 
precursors exist that may prove useful as monometallic Fe sources.  Complexes of the type 
Fe(SR)2(CO)2(chel)2 have been generated by carbonylation in the presence of ferrous salts, 
monothiolates, and chelating ligands (eq 1).
12-14
   Furthermore, routes to ferrous dithiolato 
carbonyls have been established in the case of Fe(edt)(CO)2(PMe3)2 (eq 2).
15,16
   
 
2 FeSO4  +  2 CO  +  2 RSNa  +  chel      Fe(SR)2(CO)2(chel)  +  Na2SO4      (1) 
   (chel = dppe, en, phen, bipy) 
 
FeCl2  +  2 CO  +  Na2(edt)  +  2 PMe3      Fe(edt)(CO)2(PMe3)2  +  2 NaCl     (2) 
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 Several key feature of FeX2(CO)2(chel) have been examined.  Focusing on structure, 
complexes of the type FeX2(CO)2(chel) exist in various isomeric forms.
17-19
  
Fe(SPh)2(CO)2(dppe) crystallizes as the all cis isomer.
12
 Complexes of formula 
FeX2(CO)2(PR3)2, in which all the ligands are monodentate, exist as both the cis, cis, trans and 
all trans isomers, depending on the phosphine ligand.
20
  Additionally, ferrous carbonyl thiolates 
have been examined as metalloligands, analogous to the use of metal dithiolates to prepare 
diverse dithiolato-bridged dimetallic complexes.
21-24
  Thiolates retain significant basicity even 
when bound to a metal, as evidenced by formation of adducts of Fe(SPh)2(CO)2(dppe) with 
HgCl2.
12
   
While precedent exists for ferrous carbonyls containing diphosphines and mono-thiolates, 
as well as mono-phosphines and dithiolates, the realm of dithiolate, diphosphine complexes 
remains largely unexplored.  Presented here is a sampling of routes to dithiolate diphosphino 
ferrous carbonyl precursors, as well as the reaction of Fe precursors with Fe, Mn, and Co 
carbonyl complexes to afford the respective FeFe, MnFe and CoFe complexes.  The introduction 
of asymmetry in the metals themselves, while maintaining the proper d electron count, may also 
present an intriguing study for comparison with other [FeFe]-H2ase models. In order to focus 
solely on my contributions to this work, several aspects may appear missing, which may be 
found in the published work.
25
 
 
4.2  Synthesis of Mono-Fe Systems of the Type Fe(dithiolate)(diphosphine). 
 A variety of new ferrous diphosphine dithiolate dicarbonyl complexes were synthesized 
by slurrying FeCl2 in the presence of the appropriate diphosphine ligand under an atmosphere of 
CO.  After the solution was purged with CO for several hours, the slurry was transferred into a 
slurry of the appropriate sodium dithiolate.  Purification by column chromatography the 
following morning led to isolation of Fe(dithiolate)(diphosphine)(CO)2.  A variety of complexes 
were prepared by Dr. Maria Carroll and other previous members of the Rauchfuss lab.  
Phosphorus NMR reveals that two isomers exist in solution, with the trans-CO species displaying 
a singlet peak, and the cis-CO isomer displaying a pair of doublet peaks.  For species containing 
edt as the dithiolate linker, the major species is the cis-CO species, while the major species with 
the larger pdt linker is the trans-CO counterpart.  Dr. Phillip Volkers, a previous group member, 
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was able to crystallize both Fe(edt)(dppv)(CO)2 and Fe(pdt)(dppv)(CO)2, whereupon it was 
noted that the major solution species was also the one that crystallized from solution. 
 
4.3  Comproportionation Reactions Between Fe(xdt)(dppy)(CO)2 and Fe
0
 Sources. 
 One underlying challenge to the develop of FeFe models is the synthesis of 
unsymmetrical isomers of the form (CO)3Fe(xdt)Fe(CO)(L2).  Dr. Phillip Volkers discovered 
that the addition of Fe(pdt)(PMe3)2(CO)2 to Fe(bda)(CO)3 led to a symmetrical product 
Fe(pdt)(CO)4(PMe3)2,
26
 where the two phosphine ligands are bound on different iron centers 
(Scheme 4.2).  For diphosphines with the appropriate bite angle and geometry, such as dppv, no 
problem is encountered when utilizing Fe2(pdt)(CO)6 as a precursor (Scheme 4.3).  However, 
when non-rigid phosphines such as dppe or dppc or employed in the same fashion, a plethora of 
products forms, with the desired product being produced in little to no yield (Scheme 4.4).   
 
 
 
Scheme 4.2  Synthesis of FeFe models via comproportionation.  The use of mono phosphines 
leads to formation of phosphine symmetrical models. 
 
Scheme 4.3  Synthesis of FeFe models via phosphine addition.  The use of chelating phosphines 
with specific bites angles leads to formation of phosphine unsymmetrical models. 
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Scheme 4.4  Synthetic difficulties encountered when attempted to synthesize unsymmetrical 
Fe2(pdt)(dcpe)(CO)4 complexes. 
 With the synthetic protocol to synthesize mono-Fe sources, the comproportionation 
reaction between an Fe
II
 source and an Fe
0
 source was investigated.  The complex 
Fe2(pdt)(CO)4(dppe) (4.2a) was prepared in about 60% yield.  This species can be obtained in 
modest yields under very specific conditions via substitution of Fe2(pdt)(CO)6.
27-28
  The low 
yields result from complications arising from the flexibility of the dppe ligand, which allows 
other intra- and intermolecular processes (Scheme 4.4).
27-28
 The reaction of the dcpe complex 
Fe(pdt)(CO)2(dcpe)  with (bda)Fe(CO)3 (a common Fe
0
 starting material) afforded 
Fe2(pdt)(CO)4(dcpe) (4.2b) in 81% yield (Figure 4.3).  As with complex 4.2a, 4.2b exists in 
solution as a 3:1 mixture of apical-basal and dibasal isomers (Figure 4.2).  The reaction of 
Fe2(pdt)(CO)6 and dcpe gives only a low yield of 4.2b, highlighting the advantage of building 
FeFe complexes from monometallic Fe sources.   
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Figure 4.2  
31
P NMR spectrum of Fe2(pdt)(dcpe)(CO)4 (4.2b) in CD2Cl2.  Signal at δ 107 is 
impurity present as less than 2%. 
 
Figure 4.3  IR spectra of purified Fe2(pdt)(CO)4(dcpe) (4.2b) in CH2Cl2. 
 
 One downside to this reaction is that dithiolates with nitrogen bridgehead atoms are not 
able to be incorporated, and the more biomimetic models of the form Fe2(adt
R
)(CO)4(L2) cannot 
be synthesized in an analogous manner.  An attempt was made to synthesize complexes of the 
form Fe(adt
R
)(dppx)(CO)2 utilizing titanocene transfer reagents developed within our laboratory.  
2100 2050 2000 1950 1900 1850 1800
cm
-1
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The reaction of Fe(dppv)(CO)3 with Cp2Ti(adt
R
) in refluxing toluene did not proceed at all, even 
after extended periods of time.  Titanocene reagents involve a one electron change in oxidation 
states of the Ti and target metal,
29-30
 thus an equivalent of ferrocenium was added to convert Fe
0
 
sources to transient Fe
I
 sources, where by titanocene sources would perform the remaining one 
electron oxidation, converting the Fe
0
 to the Fe
II
 state.  However, these attempts were 
unsuccessful (Scheme 4.5).   
 
 
Scheme 4.5  Attempted synthesis of Fe(adt
R
)(diphosphine)(CO)2 species. 
 
4.4  Reactivity of Fe(diothiolate)(diphosphine)(CO)2 with Mn Sources. 
 As complexes of the form Fe(pdt)(dppx)(CO)2 were found to react with other Fe carbonyl 
sources, we investigated reactivity with other metal carbonyl sources.  Dr. Maria Carroll was 
able to synthesize [(CO)2(dppe)Fe(pdt)Mn(CO)3]BF4, [4.3]BF4, as well as its hydride derivative 
[(CO)2(dppe)Fe(pdt)Mn(CO)3]H ([4.3]H).  Compound [4.3]BF4 contains an Fe
II
 and a Mn
I
 
centers, which are both d
6
 metal systems.  When comparing to tradition FeFe models, this is the 
formulation proposed for hydride containing species.  While a large amount of work focuses on 
generating hydrides via protonation of d
7
d
7
 FeFe systems, literature methods also describe the 
synthesis of similar hydride models upon the addition of a hydride source to a d
6
d
6
 system.
31
   
 The complex [(CO)2(dppe)Fe(pdt)Mn(CO)3]BF4 ([4.3]BF4) was also investigated 
electrochemically.  The complex was found by Dr. Maria Carroll to possess and irreversible 
reduction at ~-900 mV, followed by a more reversible peak at -1300 mV. Initial speculations 
proposed that the first, irreversible reduction resulted in the loss of a CO ligand, which was 
further corroborated by IR evidence using Cp2Co as a chemical reductant (Figure 4.4).  Further 
investigation of this complex demonstrated that the one electron reduced species of [4.3]BF4 was 
unstable in CH2Cl2. However, [4.3]BF4 proved to have enhanced stability in THF, and as such 
the solvent was changed in order to better study the species by CV and EPR.   
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Scheme 4.6  Reduction of [(CO)2(dppe)Fe(pdt)Mn(CO)3]BF4 ([4.3]BF4) resulting in irreversible 
decarbonylation to form (CO)(dppe)Fe(pdt)Mn(CO)3, 4.3. 
  
 
 
 
Figure 4.4  Chemical reduction of [(CO)2(dppe)Fe(pdt)Mn(CO)3]BF4 ([4.3]BF4) using Cp2Co. 
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Figure 4.5  Black trace: Cyclic voltammogram of 1.0 mM [(CO)3Mn(pdt)Fe(CO)2(dppe)]BF4 
([4.3]BF4) in THF at 25 °C.  Red Trace: Cyclic voltammogram of 1.0 mM 
(CO)3Mn(pdt)Fe(CO)(dppe) (4.3) under identical conditions. 
  
An EPR spectrum of frozen (CO)3Mn(pdt)Fe(CO)(dppe) (4.3) was obtained at low 
temperatures (Figure 4.6).  Simulation of the spectra was only able to be achieved assuming 
there were at least four species, two of which could be isomeric structures featuring the pdt 
bridgehead flipping over between different metal centers.  Another isomer appeared to have the 
unpaired electron density at the Mn center as well; however the majority of the unpaired electron 
density resided on the Fe center, as evidenced by the coupling to phosphorus atoms. 
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Figure 4.6  X-band EPR spectra of a 1:1 mixture of [(CO)3Mn(pdt)Fe(CO)2(dppe)]BF4 
([4.3]BF4) and Cp2Co in 4:1 mixture of THF and toluene frozen at 77 K.   
 
The acid-base behavior of [(CO)2(dppe)Fe(pdt)Mn(CO)3]H ([4.3]H) was proposed by  
Dr. Carroll to involve protonation at the sulfur of the bridging dithiolate, rather than the 
evolution of H2 or the formation of a dihydrogen complex (see (H2)Mn(CO)3(dppe)
+
).
32
  
Protonation of this species was further investigated by 
31
P{
1
H}  spectroscopy.  The protonation 
of [4.3]H was found to result in the broadening of signals, observed both in the 
31
P{
1
H} NMR 
spectrum, as well as the hydride signal in the 
1
H NMR.  In the presence of two equiv of acid, a 
pair of doublets appear at 79.6 and 78.5 in the 
31
P{
1
H} NMR spectrum, assigned to the 
nonequivalent phosphorus centers in [H4.3H]
+ 
(Figure 4.7). 
 
2.20 2.15 2.10 2.05 2.00 1.95 1.90
g-value
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Figure 4.7  
31
P NMR spectra of H3 (bottom) and of a 1:2 mixture of H3d and [H(Et2O)2]BAr
F
24 
(top).  For the top spectrum, JP-P is 21.5 Hz.  The signal at 86 is an unidentified impurity.  
 
4.5  Formation of CoFe Complexes. 
Following formation of FeFe and MnFe complexes using monomeric Fe sources, we 
attempted to expand this process onto Co centers.  Early reports by Dr. Jinzhu Chen suggested 
that the reaction of CpCo(CO)2 and Fe(xdt)(dppy)(CO)2 in refluxing toluene would give 
CpCo(xdt)Fe(CO)(dppy).  However, when this reaction was repeated, yields were erratic and 
often gave no product, leading to the pursuit of an alternate route.  A related but more reliable 
route to the same compounds involved the reactions of the ferrous dithiolates with CpCoI2(CO) 
followed by reduction.  For example, Fe(pdt)(dppe)(CO)2 and CpCoI2(CO) react rapidly to give 
an isomeric mixture of the intermediate [CpCo(μ-I)(pdt)Fe(CO)(dppe)]+ (CO = 1952 cm
−1
).  
When this reaction is followed by 
31
P{
1
H} NMR spectroscopy, two isomeric Co-Fe complexes 
are observed.  Akin to the MnFe systems, the 
31
P{
1
H} NMR spectrum showed that one isomer is 
unsymmetrical (doublets at 47 and 90) and the second isomer is characterized by a singlet at 
59.  In these CoFe isomers the phosphine ligands occupy apical-basal and basal sites, 
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respectively.  Unlike the MnFe systems, the CoFe(μ-I) complexes do not equilibrate to one 
isomer over time, likely due to a hindrance of rotation brought about by the bridging iodo ligand.  
Reduction of [CpCo(μ-I)(pdt)Fe(CO)(dppe)]+ with two equiv of Cp2Co gave 
CpCo(pdt)Fe(CO)(dppe) in good yields exclusively as one isomer (Scheme 4.7). 
 
 
Scheme 4.7  Synthetic routes to CoFe complexes. 
 
Figure 4.8  IR spectrum of CpCo(pdt)Fe(CO)(dppe) (4.4b) in CH2Cl2.  
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Figure 4.9  
31
P NMR spectra related to the reaction of Fe(pdt)(CO)2(dppe) and CpCo(CO)I2 to 
give [CpCo(μ-I)(pdt)Fe(CO)(dppe)]I (CD2Cl2 solutions):  
Top: unsym- Fe(pdt)(dppe)(CO)2 (triangle) and sym- Fe(pdt)(dppe)(CO)2 (star). 
Middle: Fe(pdt)(dppe)(CO)2 + CpCo(CO)I2 after 30 min. (diamond = unsym-[CpCo(μ-
I)(pdt)Fe(CO)(dppe)]
+
, circle = sym-[CpCo(μ-I)(pdt)Fe(CO)(dppe)]+). 
Bottom: Same mixture as in middle spectrum, but recorded after a total of 100 min.  
  
      
These Co-Fe complexes are analogues of Fe2(S2CnH2n)(CO)4(dppx) in which CpCo 
replaces the Fe(CO)3 center.  Dr. Maria Carroll found that, like the corresponding diiron 
complexes, CpCo(pdt)Fe(CO)(dppe) oxidizes reversibly, at a potential (−0.6 V vs Fc+/0) between 
that for Fe2(pdt)(CO)2(dppv)2 (−0.94 V) and Fe2(pdt)(CO)4(dppv) (−0.19 V).
33-34
 
 
4.6  Conclusions. 
 Monometallic Fe
II
 diphosphine, dithiolate dicarbonyl sources have been synthesized.  
While the yields are generally low, many of the required starting materials are both inexpensive 
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and easily available.  Formation of Fe(dithiolate)(diphosphine)(CO)2 species yields both cis- and 
trans- isomers (with respect to the geometry of the carbonyls), and the ratio of isomers was 
found to differ based on the identity of the chelating thiolate and phosphine. 
 Fe(dithiolate)(diphosphine)(CO)2 sources were reacted with Fe, Mn and Co sources in 
order to produce the respective bimetallic complexes.  In the case of FeFe complexes, this is the 
first report of Fe2(pdt)(diphosphine)(CO)4 in high yields, and presents an efficient alternative 
synthetic pathway to Fe2(pdt)(diphosphine)(CO)4 when the diphosphine does not possess a rigid 
backbone or proper bite angle.  In the case of MnFe and CoFe, isoelectronic species with 
different metal centers present new comparisons for [FeFe]-H2ase enzyme active sites. 
 
4.7  Experimental. 
 For a detailed description of methods, see Chapter 2.  K2pdt,
35
 
[(acenaphthene)Mn(CO)3]BF4,
36
 and CpCo(CO)I2
37
 were prepared according to the literature 
methods.  Many of the compounds in this section were synthesized in order to more fully 
investigate their properties, and full characterization was performed by another student and can 
be found in the published article.
25
 
 Illustrative Preparation: Fe(pdt)(CO)2(dppe), 4.1a.  Under a CO atmosphere, a 
solution of 380 mg of FeCl2 (3.0 mmol) in 100 mL of acetone was treated with a solution of 1.2 
g (3.0 mmol) of dppe in 30 mL of THF.  The solution changed from pale orange to green, then to 
dark orange, signaling formation of FeCl2(CO)2(dppe).  Separately, 0.30 mL (3.0 mmol) of 
C3H6(SH)2 and 240 mg (6.0 mmol) of NaH were combined in 50 mL of THF.  After 1 h, the 
resulting solution of Na2S2C3H6 was added to the solution of FeCl2(CO)2(dppe).  After being 
allowed to react for 16 h, the mixture was filtered through a pad of Celite, and the solvent was 
evaporated from the filtrate.  The residue was extracted into 15 mL of CH2Cl2 and purified by 
flash column chromatography on a 4 × 50 cm column of silica gel.  After eluting a yellow band 
with CH2Cl2, the red band containing product was eluted with 5:1 CH2Cl2/Et2O.  Evaporation of 
solvent from this band afforded Fe(pdt)(CO)2(dppe) as a red solid.  Yield: 500 mg (27%).  
 Fe(edt)(CO)2(dppv), 4.1b.  Conducted as for Fe(pdt)(CO)2(dppe).  Yield: 22%.  IR 
(CH2Cl2): 2017 (s), 1978 (s), 1968 (s).   
 Fe(pdt)(CO)4(dppe), 4.2a.  A 200 mL Schlenk flask was charged with 130 mg of 
Fe(bda)(CO)3 (0.45 mmol) and 276 mg of Fe(pdt)(dppe)(CO)2 (0.45 mmol).  The red solids were 
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dissolved into 100 mL of PhMe, and allowed to stir overnight.  The following morning, the 
predominant IR bands were located at 2020, 1957, and 1910 cm
-1
.  The solvent was then 
removed under vacuum, and the residue placed on a silica gel column and chromatographed with 
PhMe.  The first red band that eluted contained the desired product, as removal of solvent from 
that portion yielded a red solid.  Yield: 213 mg (65 %).  The IR, 
1
H NMR, and 
31
P{
1
H} NMR 
spectra of the product match reported data.
28
   
Fe(pdt)(CO)4(dpce), 4.2b.  Synthesized in an analogous fashion to Fe(pdt)(CO)4(dppe). 
Yield: 81%. 
31
P{
1
H} NMR (CD2Cl2):  89.27 (s), apical-basal; 74.90 (s), di-basal.  IR (CH2Cl2): 
2013 (s), 1939 (br), and 1882 (br). 
[(CO)3Mn(pdt)Fe(CO)2(dppe)]BF4, [4.3]BF4.  A 250 mL Schlenk flask was charged 
with 380 mg of [(acenaphthene)Mn(CO)3]BF4 (1.0 mmol) and dissolved into 125 mL of CH2Cl2.  
A separate solution is prepared containing 617 mg of Fe(pdt)(dppe)(CO)2 (1.0 mmol) in 50 mL 
of CH2Cl2, and this solution is transferred into the solution of [(acenaphthene)Mn(CO)3]BF4.  
The resulting solution is allowed to stir overnight, over which time the v(CO) bands altered and 
settled.  The following morning, the solvent was removed under vacuum, and the residue 
extracted into 30 mL of CH2Cl2 and filtered through a pad of Celite.  The CH2Cl2 extract was 
concentrated down, and a 10-fold excess of hexane was added in order to precipitate a brown 
solid.  Yield: 563 mg (67%).  Characterization matched that which was reported.
25
 
[(CO)3Mn(pdt)Fe(CO)2(dppe)]H, [4.3]H.  A 100 mL Schelnk flask was charged with 
237 mg of [(CO)3Mn(pdt)Fe(CO)2(dppe)]BF4 (0.28 mmol) and dissolved into 40 mL of THF.  
The solution was then cooled to -78 °C and a solution of 103 mg [Bu4N]BH4 (0.40 mmol) in 20 
mL of CH2Cl2 was added dropwise over the period of 30 min.  After the addition was complete, 
the solution was allowed to warm to room temperature overnight.  The following morning, the 
solvent was removed under vacuum, and the extract chromatographed on silica gel using 3/1 
pentane/PhMe as the eluent.  An orange band eluted and was collected.  Removal of solvent 
under vacuum resulted in the isolation of an orange solid. Yield: 44 mg (25%). The IR, 
1
H NMR, 
and 
31
P{
1
H} NMR spectra of the product match reported data.
28
   
(CO)3Mn(pdt)Fe(CO)(dppe), 4.3.  A solution of [4.3]BF4 (71 mg, 84 μmol) in THF (10 
mL) was treated with a THF solution of Cp2Co  (16 mg, 84 μmol).  The solution was filtered 
through a pad of Celite, and then the solvent was removed under vacuum to yield a red solid.  
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Yield: 46 mg (75%).  IR (CH2Cl2): 1997 (s), 1902 (s).  Anal. Calcd for C33H30FeMnO4P2S2 
(found): C, 54.49 (54.54); H, 4.16 (4.55). 
CpCo(edt)Fe(CO)(dppv) from CpCoI2(CO), 4.4a.  A mixture of Fe(edt)(CO)2(dppv) 
(100 mg, 0.17 mmol) and CpCo(CO)I2 (68 mg, 0.17 mmol) was stirred in CH2Cl2 (20 mL) at 
room temperature for 2 h to give a dark brown solution with a predominant IR band at 1978 
cm
−1
.  To this solution was added a solution of Cp2Co (68 mg, 0.36 mmol) in 20 mL of CH2Cl2.  
The IR spectrum or the resulting solution revealed a prominent band at 1890 cm
-1
.  After stirring 
the mixture for 30 min., solvent was removed, and the residue was purified by column 
chromatography, eluting initially with a 1/1 mixture of CH2Cl2/pentane, gradually increasing the 
CH2Cl2 content.  After an initial green band, the product eluted as a brown band using CH2Cl2.  
Evaporation of the solvent gave the brown product. Yield:  45 mg (39%).  
1
H NMR (CD2Cl2, 23 
°C): δ 8.30−7.12 (m, 20 H, C6H5), 4.75 (s, 2 H, PCH), 3.36 (s, 5 H, C5H5), 2.26 and 1.84 (d each, 
2 H each, SCH2).  
31
P{
1
H} NMR (CD2Cl2, 23 °C): δ 93.56 (s).  IR (CH2Cl2): 1890. 
CpCo(pdt)Fe(CO)(dppe) from CpCoI2(CO), 4.4b.  A solution of Fe(pdt)(CO)2(dppe) 
(50 mg, 0.08 mmol), CpCo(CO)I2 (31 mg, 0.08 mmol) in CH2Cl2 (20 mL) was allowed to stir 
overnight. Formation of a new product was detected by an IR band at 1952 cm
−1
.  The reaction 
solution was treated with a solution of Cp2Co (38 mg, 0.20 mmol) in CH2Cl2 (5 mL).  After 
allowing the solution to stir for 5 min., the dominant IR band shifted to 1879 cm
−1
.  The solution 
was filtered through a pad of Celite, and the product was purified by column chromatography on 
silica gel, eluting initially with 1/1 of CH2Cl2/pentane, which produced a green band.  Eluting 
with CH2Cl2 gave the product as a brown band, which was evaporated to leave a brown solid.  
Yield: 23 mg (40%).  
1
H NMR (CD2Cl2, 23 °C): δ 7.82-7.29 (m, 20 H, C6H5), 3.84 (s, 5 H, 
C5H5), 2.98 (m, 2 H, PCH2), 2.58 and 2.26 (m each, 2 H each, SCH2), 2.17 and 1.89 (m each, 1 H 
each, PCH2), 1.47 (m, 2 H, S(CH2)2CH2).  
31
P{
1
H} NMR (CD2Cl2, 23 °C): 83.48 (s).  IR 
(CH2Cl2): 1880. 
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Chapter 5:  
Utilization of Cobalt Complexes for Hydrogen Generation and [FeFe]-H2ase Modeling 
 
5.1  Introduction. 
 The biological active sites of the H2ase enzymes have lead not only to attempts at 
biomimetic replication, but in terms of replication of the functionality of these enzymes.  The 
modeling of the active sites of the hydrogenase enzymes is motivated by an interest in 
discovering new catalysts for the activation of small molecules.  Since these enzymes efficiently 
active H2, which has a very strong H-H bond of 104 kcal/mol, there is reason to expect that 
diverse substrates, such as CO, CO2, or even weaker C-H bonds such as ethyl (C2H5-H, 98 
kcal/mol) or isopropyl ((CH3)2HC-H, 95 kcal/mol) could be activated by these bimetallic 
catalysts. 
 
Figure 5.1  Biological active sites of [FeFe]-hydrogenase (left) and [NiFe]-hydrogenase (right). 
  
Initial modeling set out to duplicate the active site metals, in terms of both identify and 
number of metals.  From there, modeling of the active sites focused first on biomimetic accuracy 
of ligands, and then on biomimetic functionality.
1
  While the ligand set provides an avenue of 
modification and exploration, along the way other modifications have been explored, such as the 
number and identity of the metals within the model.  Sitting between Fe and Ni on the periodic 
table, the use of Co in hydrogen generation catalysts makes for an interesting study, as precedent 
exists for both the protonation of Co
I
 to give Co
III
-H,
2
 as well as the protonation of Co2
II
 to give 
Co2
III
(μ-H).3  Literature reveals two intriguing systems that feature cobalt for hydrogen 
evolution: Cobaloximes and CpCo(L)2 systems.  Cobaloximes have been described in Chapter 1 
with respect to their hydrogen production capabilities, and will not be further discussed.  The 
usage of CpCo(L)2 with respect to hydrogen generation will be elaborated on in the following 
sections.  
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5.1.1 Monometallic Cobalt Species in the HER. 
The ′CpCo′ moiety has found much use in organometallic chemistry.  Complexes 
featuring ′CpCo′ have been useful for a variety of catalytic processes, including pyridine 
synthesis, alkyne cyclotrimerization, cyclohexandiene and cyclohexatriene synthesis, formation 
of cyclopentadienones, and synthesis of many other heterocyclic complexes.
4
  Complexes of the 
form CpCo(L)2, (L = PR3, or L2 = bidentate phosphine ligand, Scheme 5.1) are electrocatalysts 
for hydrogen generation in the presence of strong acids.
5
  Furthermore, recent work by the 
Bullock lab has introduced ′P2N2′ ligands into Cp
R
Co moieties (Scheme 5.2).  The Bullock group 
found that the use of P2N2 ligands in Cp
R
Co systems produced an electrocatalyst for the 
production of hydrogen from [p-MeOC6H4NH3]
+
 (pKa
MeCN
 = 11.86).
6
  They observed a modest 
turnover frequency of 350 s
-1
, though the overpotential was moderately high at 860 mV.  The 
bullock group also noted that the electrochemical responses of their Cp
R
Co systems differed 
based on the identity of the R substituent, as electrocatalysis was only attempted when R = 
C5F4N, as the catalytic current for the other two substituents overlapped too closely with the 
catalytic current for direct reduction of the acid at a glassy carbon electrode.   
 
Scheme 5.1  CpCoL2 complexes investigated by Koelle and Ohst as HER catalysts. 
 
 
Scheme 5.2  ′CpCo′ platforms investigated by DuBois and Bullock as HER catalysts. 
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5.1.2  Ligand Bridged Co2 Complexes.  
While monometallic compounds of the formula CpCo(L)2 have been explored with 
respect to hydrogen generation, similar bimetallic compounds have not undergone such studies.  
However, a variety of bimetallic cobalt complexes are known and have been studied.   A variety 
of species of the form (CpCo)2(XRn)2 are present in the literature, where XRn is either SR or PR2.  
Complexes like (CpCo)2(XRn)2  are intriguing as hydrogenase models, because although most 
efforts focus on the preparation and study of compounds with the cores Fe2(μ-SR)2Lx and 
NiFe(μ-SR)2Ly, isoelectronic and isolobal relationships suggest that the metals in these cores 
could be functionally replicated with alternative metals.  For example, previous studies have 
described the activation of H2 by Ru2(pdt)(CO)4(PMe3)2 and the detection of terminal hydrides in 
the protonation of CpCo(pdt)Fe(CO)(dppe).
7-9
  Furthermore, NiRu systems have been used as 
surrogates for [NiFe]-H2ase, and demonstrated biologically relevant oxidation states as opposed 
to the oxidation states observed in (CO)2(PR3)Fe(μ-SR)2Ni(dppe) models.
10-11
  
Most efforts to replicate the behavior of the active sites of [FeFe]-H2ase and [NiFe]-
H2ase begin with Fe2(pdt)(CO)6 and (CO)3Fe(SR)2Ni(L2), respectively. The hydrogenases, 
however, do not contain Fe(CO)3 subunits, but Fe(CO)2(CN) and Fe(CN)2(CO) subunits, which 
are more electron-rich than Fe(CO)3 centers.  Early modeling included CN at the Fe centers; 
however oxidation chemistry led to oligiomerization resulting in Fe-CN-Fe linkages.
12-13
  Due to 
the oligomerization of many cyanide containing models, much effort has been directed toward 
models consisting of the centers Fe(CO)2(NHC), Fe(CO)2(PMe3), and Fe(CO)(diphosphine)2, 
although capping the CN ligands with Lewis acids has also led to more favorable reactivity.
14-15
    
The resulting substituted dithiolates are indeed superior models relative to the parent 
hexacarbonyls with respect to redox properties and catalytic mechanisms.  Just as substituting 
CN with other ligands has improved the quality of molecular models, substituting other metal 
moieties may have similar effects.  The use of CpCo as an analogue of Fe(CO)3 is well 
established and many pairs of compounds are known wherein an ′Fe(CO)3′ is interchangeable 
with a ′CpCo′ center.  Examples include (B4H8)Fe(CO)3 vs (B4H8)CoCp
16
 and the series 
S2[Fe(CO)3]3-n[CpCo]n.
17
   
 5.1.2.1  Dithiolate Bridged Co2 Complexes. 
Early reports by King and others demonstrated that refluxing a dithiol (S2R2) in the 
presence of CpCo(CO)2 would lead to bridging species of the type (CpCo)2(SR)2, where R = Me, 
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Ph,
18
 CF3 or C6F5 (Scheme 5.3).
19
   Extension of this work to incorporate other sulfides was 
found to occur with the reaction of Cp2Ti(SCMe3)2 with CpCo(CO)2 which leads to the 
formation of (CpCo)2(S
t
Bu)2 (Scheme 5.4).
20
  Reaction of CpCo(CO)2 with S2(
t
Bu)2 does not 
yield (CpCo)2(S
t
Bu)2.  Formation of (CpCo)2(S
t
Bu)2 is concomitant with the generation of 
[Cp2TiS(
t
Bu)]2 and electron transfer from Co to Ti.  More recent work has demonstrated that the 
treatment of CpCo(CO)2 with thiirane leads to a variety of dicobalt products, depending on the 
thiirane:Co ratio (Scheme 5.5).
21
   
Upon treatment of (CpCo)2(SMe)2 with trifluoroacetic acid gives [(CpCo)2(SMe)3]
+
.  
Both bridging disulfide and diphosphide complexes have demonstrated reactivity with a variety 
other molecules such as SO2 (Scheme 5.8), isocyanides and even nitrite.
22
 
 
Scheme 5.3  Synthesis of (CpCo)2(thiolate)2 complexes. 
 
Scheme 5.4  Utilization of titanocene transfer reagents to synthesize (CpCo)2(thiolate)2. 
 
Scheme 5.5  Reaction of various equivalents of thiirane with CpCo(CO)2 and the resulting 
products. 
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5.1.2.2  Diphosphido Bridged Co2 Complexes. 
Better developed than the dicobalt dithiolates are the related dicobalt diphosphido 
complexes.  As described by Werner et al., the complexes Cp2Co2(PR2)2 (R = Me, Ph) are good 
bases and good nucleophiles, yielding the corresponding hydrides [Cp2Co2(PR2)2H]
+
 and related 
derivatives.
23
  Early attempts to generate CpCo(PHR2)2 by multiple methods instead resulted in 
the formation of (CpCo)2(μ-PMe2)2 (Scheme 5.6).  Werner et al. also found that the diphosphido 
dicobalt hydrides form adducts of the type [Cp2Co2(PR2)2H(L)]
+
 (L = PR3, CO)
24
  In this 
conversion, the hydride ligand shifts from a bridging to a terminal position (H ~ 10 ppm, 
Scheme 5.7).  Although unprecedented in the diiron dithiolates, the conversion of a bridging 
hydride to terminal derivatives could open a new avenue toward activation of hydrides.  In the 
diiron dithiolato series, the bridging hydrido derivatives are relatively inert compared to the 
isomeric terminal hydrides.
25
   
In contrast to the clean protonation of the (CpCo)2(PR2)2 systems, treatment of 
(CpCo)2(SMe)2 with trifluoroacetic acid gives [(CpCo)2(SMe)3]
+
.  Both bridging disulfide and 
diphosphide complexes have demonstrated reactivity with a variety other molecules such as SO2 
(Scheme 5.8), isocyanides and even nitrite.
22
 
 
Scheme 5.6  Synthetic routes to bridging diphosphide complexes. 
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Scheme 5.7  Reactivity of bridging phosphide complexes with acid, followed by additional 
Lewis acid reactivity. 
 
Scheme 5.8  Reactivity of (CpCo)2(linker) with SO2. 
Herein we report the synthesis of several systems utilizing ′CpCo′ with the goal of 
determining similarities to [FeFe]-H2ase models.  Two unique systems were explored, the first 
consisting of the integration of redox-active ligands into CpCo(L)2 platforms.  The second 
system revolves around the replacement of ′Fe(CO)3′ with ′CpCo′ to synthesize platforms of the 
form (CpCo)2(xdt) (Figure 5.2), as well as the protonation, redox behaviors, and the redox and 
Lewis acid properties of the corresponding hydrides.  
 
Figure 5.2  Approximation made in the development of Co2 based H2ase models. 
 
 5.2  CpCo(L)2 Systems. 
 CpCo(L)2 systems are intriguing at hydrogen generation platforms due to their ability to 
be protonated at Co, resulting in a change from Co
I
 to Co
III
.  In many monometallic Co systems, 
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Co
III
 hydrides are proposed to be reduced prior to evolution of hydrogen.
2, 26
  It is therefore 
possible that the introduction of a redox active ligand, with an available electrode at suitable 
reducing potentials, will motivate reduction at CO and hydrogen evolution.   
The synthesis of CpCo(L)2 can be carried out in a variety of ways.  Addition of two 
equivalents of the appropriate phosphine ligand to CpCo(C2H4)2 leads to the corresponding 
phosphine complexes.
5
   Furthermore, these complexes can be generated by reduction of 
CpCo(L)2I, or by the addition of NaCp to Co(PR3)3X, where X is a halide.
27-29
  Due to the 
complexity and synthetic difficulty of generating PFc
#Et2, milder conditions were sought out. 
Mixed ligand complexes of the form CpCo(CO)L are well known in the literature.  The 
removal of one carbonyl ligand is easily achieved under refluxing conditions, and a variety of 
CpCo(CO)(PR3) complexes have been generated.  Retention of one carbonyl ligand allows for 
easier characterization of complexes containing redox active ligands, as reactions are easily 
observed via FTIR spectroscopy.  Even slight oxidation at the ferrocenyl ligand leads to 
difficulty in observing species by 
31
P{
1
H} or 
1
H NMR.  Thus, the compounds CpCo(CO)PFc
#Et2 
(5.1) and a redox inactive counterpart, CpCo(CO)(PCy3) (5.2) were both prepared by refluxing 
CpCo(CO)2 and the appropriate phosphine in toluene. 
Complexes 5.1 and 5.2 are very similar spectroscopically.  Both display one ν(CO) band 
(5.1 = 1905 cm
-1
, 5.2 = 1901 cm
-1
, Figure 5.3).  Furthermore, both have similar shifts in 
31
P 
NMR spectroscopy (5.1: δ = 60.9, 5.2: δ = 76.1, Figure 5.4), and similar signals attributed to the 
Cp ring (5.1: δ = 4.58, 5.2: δ = 4.74, Figure 5.5), though the effect of different phosphine ligands 
is still apparent. Complex 5.1 also displays a unique 
1
H NMR signal of 4 equally intense peaks, 
each attributed to two Me groups on the Fc scaffold.   
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Figure 5.3  IR spectra of 5.1 (top) and 5.2 (bottom) in CH2Cl2 solution. 
 
 
Figure 5.4  
1
H NMR spectra of 5.1(top) and 5.2 (bottom) in CD2Cl2 solution. 
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Figure 5.5  
31
P NMR spectra of 5.1 and 5.2 in CD2Cl2 solution. 
 
 5.2.1  Oxidation Behavior of CpCo(CO)L. 
Compounds 5.1 and 5.2 exhibit similar redox couples attributed to oxidation at Co.  For 
5.2, one redox couple is visible at -492 mV, while additional responses are noted near +400 mV.  
Compound 5.1 features a reversible Co
I/II
 event at -445 mV, as well as the additional responses 
noted near +400 mv.  Furthermore, 5.1 contains an additional couple at -265 mV, attributed to 
oxidation of the ligand (Figure 5.6). 
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Figure 5.6  Cyclic voltammagrams of 5.1 (bottom) and 5.2 (top). Conditions: 1 mM analyte, 
CH2Cl2 solvent, 0.1 M [Bu4N]PF6, scan rate at 100 mV/s. 
 
In addition to the electrochemical oxidation of CpCo(CO)PFc
#Et2 (5.1) and 
CpCo(CO)(PCy3) (5.2), the chemical oxidation of both was studied.  Addition of 1 equiv of Fc
+ 
to 5.2 resulted in a large shift in the ν(CO) of 148 cm-1.  In the process of chemical oxidation, 
trace amount of CpCo(CO)2 was also observed (v(CO) = 1959, 2025 cm
-1
) (Figure 5.7).  
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Figure 5.7  IR Spectra of CpCo(CO)(PCy3) in the presence of 0.5 and 1.0 equivs of oxidant 
(Fc
+
) in CH2Cl2 solution. 
 
Chemical oxidation of CpCo(CO)(PFc
#Et2
) (5.1) did not proceed in as straightforward of 
a fashion as CpCo(CO)(PCy3) (5.2).  In comparing the cyclic voltammagrams of 5.1 and 5.2, it 
appears that the first oxidation in 5.1 is also Co centered, a facet that is confirmed upon chemical 
oxidation.  One electron chemical oxidation of 5.2 produces a shift in the ν(CO) from 1905 cm-1 
to 2052 cm
-1
, however this shift is also accompanied by the growth of CpCo(CO)2 (ν (CO) = 
1959 cm
-1 
and 2025 cm
-1
).  Furthermore, the band for the starting material has not been 
consumed; rather, the band attributed to starting material has only slightly shifted to higher 
frequencies (ν (CO) = 1912 cm-1) (Figure 5.8).  However, if the first oxidation was completely 
ligand centered, only a slight shift in the ν(CO) would be observed in the IR.  Addition of a 
second equivalent of oxidant causes the CO band attributed to starting material to completely 
disappear, however the peak attributed to product only increases slightly.   
The oxidation of 5.1 and 5.2 gives a significant amount of CpCo(CO)2. Geiger and 
coworkers have proposed a mechanism in which partial oxidation results in CpCo(CO)(PR3) 
complexes converting into CpCo(CO)2 and [CpCo(PR3)2]
+
 (Scheme 5.9).  They had observed 
that oxidation of  CpCo(CO)(PR3) with half an equivalent of [Fc]PF6 yielded CpCo(CO)2 and 
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cm
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 CpCo(CO)(PCy
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+
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[CpCo(PR3)2]
+
, but when a full equivalent of oxidant was used the predominate species was 
[CpCo(PR3)2]
+
, though some CpCo(CO)2 was still observed.
30
  However, the reaction to form 
CpCo(CO)2 and [CpCo(PR3)2]
+
 is not extraordinarily fast, as the formation of these new products 
are only observed in concentrated solutions in CV experiments (E1/2 of CpCo(CO)2 = +0.47 V; 
E1/2 of CpCo(PPh3)2 = -1.23 V).
30
  Therefore, the additional wave observed at ~+0.45 V for 
CpCo(CO)(PFc
#Et2
) (Figure 5.6) may be due to the presence of CpCo(CO)2. 
 
 
Figure 5.8  IR spectra of Cp(Co)(PFc
#Et2) (5.1) in the presence of varying equiv of Fc
+
 as oxidant 
in CH2Cl2 solution. 
 
 
Scheme 5.9  Reaction of CpCo(CO)(PR3) (5.1) in the presence of half an equivalent of chemical 
oxidant.
30
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  5.2.2  Protonation Behavior of CpCo(CO)L. 
Upon observing the redox chemistry of CpCo(CO)(PFc
#Et2
) (5.1) and CpCo(CO)(PCy3) 
(5.2), the protonation chemistry of these species was also explored.  The complex 
CpCo(CO)(PCy3) was found to react with one equivalent of [(OEt2)2H]BAr
F
4 to generate the 
species [CpCo(CO)(PCy3)(H)]
+
.  A color change from red CpCo(CO)(PCy3) to yellow 
[CpCo(CO)(PCy3)(H)]
+
 was also observed immediately upon protonation.   A characteristic shift 
to higher frequency in the IR spectrum is observed upon protonation (Figure 5.9), as well as a 
new signal in the 
1
H NMR high field region (Figure 5.10).  However, when weaker acids were 
employed (CF3COOH or HBF4•Et2O), no hydride species were observed by IR or by NMR 
spectroscopy. 
 
Figure 5.9  IR spectra of CpCo(CO)PCy3 (5.2) in CH2Cl2 before and after addition of one equiv 
of [H(OEt2)2]BAr
F
4. 
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Figure 5.10  
1
H NMR spectrum of [CpCo(CO)PCy3(H)]BF4 (H5.2) in CD2Cl2 solution. 
 Similar to its oxidation, protonation of CpCo(CO)(PFc
#Et2) (5.1) also did not proceed in a 
straightforward fashion.  Addition of one equivalent of [(OEt2)2H]BAr
F
4 did not produce a 
smooth color change. The resultant IR spectrum of the product implies oxidation at the Co 
center, presumeably in the course of forming a hydride species.  The oxidation of the Co center 
is accompanied by the slight formation of CpCo(CO)2 (Figure 5.11).  Investigation of the 
resultant solution by 
1
H NMR spectroscopy suggested a hydride as well, with a faint doublet 
peak centered near δ = -12.5 ppm.  However the 1H NMR spectrum was difficult to interpret, 
likely due to the presence of paramagnetic species due to oxidized ligand.  Excess Fc* was added 
to a protonated solution of 5.1 in an attempt to generate H2 and regenerate 5.1 from [H5.1]
+
.  
While starting material was observed upon exposure to excess Fc*, bands attributed to 
CpCo(CO)2 continued to grow, suggesting compound degradation during the process of shuttling 
between Co oxidation states.  When monitored by gas chromatography, hydrogen was observed, 
though the amount was much below theoretical yields, and hydrogen generation was slow (Table 
5.1).  The resulting IR spectrum from the gas chromatography runs revealed 
CpCo(CO)(PFc
#Et2)(H), CpCo(CO)(PFc
#Et2), and traces of CpCo(CO)2.   
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Figure 5.11  IR spectrum (CH2Cl2 solution) of CpCo(CO)(PFc
#Et2) (5.1) before and after 
addition of acid, as well as the resultant spectra from attempting to regenerate 5.1 with Fc*. 
 
Table 5.1  Hydrogen Output of Cp(Co)(PFc
#Et2) (5.1) as Detected by Gas Chromatography. 
Concentration 
of 5.1, mM 
Concentration, H
+
, 
mM (equiv) 
Concentration, 
Fc*, mM (equiv) 
Equiv of 
H2  
Time, 
h 
5.0 11.6 (2.32) 11.0 (2.20) 0.20 1.0 
7.0 15.2 (2.17) 14.1 (2.05) 0.27 1.0 
 
 While CpCo(CO)(PFc
#Et2) initially appeared to be an intriguing target for hydrogen 
generation, the system was not fully optimized.  Difficulty in isolating hydride species, as well as 
the tendency for reactions of partially oxidized species to lead to CpCo(CO)2 ultimately resulted 
in the lack of catalytic hydrogen production and the pursuit of this system as an effective 
catalyst. 
5.3  (CpCo)2(bridged systems). 
While a wide variety of complexes of the form (CpCo)2(PR2)2 and (CpCo)2(SR)2 have 
been synthesized and characterized, very few instances of (CpCo)2(dithiolate) are present in the 
literature.
21
  The majority of bis-monothiolate complexes are generated by the oxidative addition 
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of a disulfide to CpCo(CO)2.  The addition of a dithiol may allow for protonation at a bridging 
Co position, rather than ligand redistribution.  Previously, the addition of a dithiol to CpCo(CO)2 
had only been studied within our lab. 
The synthesis of (CpCo)2(xdt) proceeded straightforwardly by heating a 2:1 solution of 
CpCo(CO)2 with the appropriate dithiol to give (CpCo)2(edt) (5.3), (CpCo)2(pdt) (5.4) and 
(CpCo)(tdt) (5.5) (Scheme 5.10), concomitant with the loss of H2.  The same dicobalt complexes 
could be obtained by heating dithiol and cobaltocene, similar to what is observed upon the 
reaction of cobaltocene with secondary phosphines.  Dr. Maria Carroll was able to generate 
(CpCo)2(pdt) from pdtH2 and cobaltocene, however removal of any extraneous cobaltocene was 
ineffective.  The compound (Cp'Co)2(pdt) (5.4a) was also synthesized from Cp'Co(CO)2.  
Synthesis of complexes possessing an adt
R
 group as the dithiolate linker was attempted; however 
the isolation of such complexes was unsuccessful.   Synthetic routes to (CpCo)2(adt
R
) via 
refluxing as well as via photolysis were attempted, and while the carbonyl bands decreased as 
expected, isolation of the target complexes was not be accomplished (Scheme 5.11).  
1
H NMR 
analysis of several reaction mixtures of (CpCo)2(adt
R
) revealed the presence of an ammonium 
center, a bridging hydride, or sometimes both.  While other [(CpCo)2(xdt)(μ-H)]
+
 species were 
found to be easily deprotonated, addition of strong base did not result in the disappearance of the 
bridging hydride signal in the 
1
H NMR spectrum.  Purification through the use of a basic 
alumina plug may allow for isolation of neutral (CpCo)2(adt
R
) complexes. 
Both 5.4a and 5.5 were characterized by X-ray diffraction (Figure 5.12 & 5.13).  These 
structures resemble the structure reported for (Cp′Co)2(edt) with respect to Co-Co, Co-S, and Co-
Centroid bond lengths (Table 5.2).
21
 
 
Scheme 5.10  Synthesis of dithiolate bridged CpCo species. 
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Scheme 5.11  Proposed synthesis of azadithiolate bridged (CpCo)2(xdt) complexes. 
 
Figure 5.12  Crystal structure of (Cp′Co)2(pdt).  Hydrogen atoms were omitted for clarity. 
Thermal ellipsoids at 50% probability level.  Selected distances (Å): Co1-Co2, 2.4112(5); Co1-
S1, 2.1996(5); Co1-S2, 2.1849(4); Co2-S1, 2.1940(5); Co2-S2, 2.1923(5); Co1-C1, 2.075(2); 
Co1-C2, 2.061(2); Co1-C3, 2.077(1); Co1-C4, 2.065(2); Co1-C5, 2.093(2); Co2-C7, 2.083(2); 
Co2-C8, 2.084(2); Co2-C9, 2.066(2); Co2-C10, 2.077(1); Co2-C11, 2.068(2); Co1-Centroid 
(C1-C5), 1.684 (2); Co2-Centroid(C7-C11) 1.685 (2).  
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Figure 5.13  Crystal structure of (CpCo)2(tdt).  Hydrogen atoms were omitted for clarity. 
Thermal ellipsoids at 50% probability level.  Selected distances (Å): Co1-Co2, 2.392(1); Co1-S1, 
2.212(1); Co1-S2, 2.210(1); Co2-S1, 2.211(2); Co2-S2, 2.211(1); Co1-C1, 2.050(5); Co1-C2, 
2.077(5); Co1-C3, 2.044(4); Co1-C4, 2.067(4); Co1-C5, 2.075(4); Co2-C6, 2.05(2); Co2-C7, 
2.05(2); Co2-C8, 2.07(1); Co2-C9, 2.10(2); Co2-C10, 2.06(2); Co1-Centroid (C1-C5), 1.678 (4); 
Co2-Centroid (C6-C10) 1.68 (2).  
 
Table 5.2  Bond Length Comparison of (Cp
R
Co)2(xdt) Complexes. 
Feature (Cp′Co)2(pdt) (CpCo)2(tdt) (Cp′Co)2(edt)
21
 
Co-Co (Å) 2.4112(5) 2.392(1) 2.4108(8) 
Co-S (avg) (Å) 2.192 (1) 2.211(2) 2.186 (1) 
Co-Cp
R
 (avg) (Å) 2.07 (1) 2.06 (1) 2.062 
 
5.3.1  Oxidation Behavior. 
The redox properties of the Co2
II
 complexes were examined by cyclic voltammetry.  
Complexes 5.3-5.5 oxidize at mild potentials.  In the series of complexes Fe2(xdt)(CO)4(dppv), 
the pdt derivatives oxidize about 100 mV milder potentials than the edt compounds, and this 
trend is found in the Co2 complexes as well.
13
  The Cp' complexes are more readily oxidized by 
90 mV (Table 5.3).  A shift of 100 mV is seen for the Cp2Fe
+/0
 vs Cp'2Fe
+/0
 couples.
31
  While the 
redox potentials of the aliphatic species are reversible events, electrochemical investigation of 
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5.5 yielded an irreversible oxidation, with no reduction peak on the return sweep.  Furthermore, 
multiple events were present, the most notable being a reversible peak at ~-1100 mV.  The 
complex [Co(tdt)2]
-
 contains a reversible peak at this potential assigned to the Co
3+/2+
 reduction 
event, and therefore may be forming under CV conditions.
32
  Compound 5.5 also did not 
protonate to give exclusively one product, and thus was not further studied.  The species 
(CpCo)2(SMe)2 has been investigated electrochemically, and was found to possess a reversible 
oxidation event at either -580 mV (dimethoxyethane solvent, [
n
Bu4N]ClO4 electrolyte, Hg drop 
electrode)
33
 or -600 mV (CH2Cl2 solvent, [Et4N]ClO4 electrolyte, Pt electrode)
34
 as well as a very 
negative reduction potential near -2500 mV.  The conditions under which these measurements 
were taken differ greatly from the conditions under which 5.3-5.5 were investigated (CH2Cl2 
solvent, [
n
Bu4N]PF6 electrolyte, Pt electrode), and thus could explain some of the deviations in 
values, but the differing values could also be an effect of bidentate versus monodentate thiolates.  
The same lab that investigated (CpCo)2(SMe)2 electrochemically also studied (CpCo)2(PPh2)2, 
and observed an irreversible oxidation near -430 mV as well as a reversible reduction close to -
2700 mV. 
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Figure 5.14  Cyclic voltammagrams of 5.3, 5.4, and 5.4a.  Conditions: 1 mM analyte in 100 mM 
[Bu4N]PF6 electrolyte in CH2Cl2 solution. Scan rate = 100 mV/s. 
 
Table 5.3  Redox Couples of (Cp
R
Co)2(xdt) Complexes and Related Species. 
Compound E1/2 (mV vs Fc
0/+
) |ipa/ipc| 
(CpCo)2(edt) (5.3) -153 0.94 
(CpCo)2(SMe)2
33
 -580 Rev.
a 
(CpCo)2(pdt) (5.4) -275 0.97 
(CpCo)2(tdt) (5.5) -199 Irrev. 
Fe2(pdt)(CO)4(PMe3)2
35
 -200 < 1
a 
(Cp′Co)2(pdt) (5.4a) -365 0.96 
a 
|ipa/ipc| parameter not given in literature 
500 0 -500 -1000 -1500 -2000
 (CpCo)2(edt)
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 5.3.2  Mixed Valent Cations. 
As the oxidation potentials of (Cp
R
Co)2(xdt) are sufficiently negative of the ferrocenium 
couple, a mixed valent Co(II)Co(III) species is generated upon the addition of 1 equiv of  
[Fc]PF6.  The mixed valent complex can be easily isolated as a solid for both [(CpCo)2(pdt)]
+
 
and [(CpCo)2(pdt)]
+
.  These mixed valence cations are soluble in CH2Cl2 when the counterion in 
PF6
- 
or BF4
-
, yet if BAr
F
4
-
 is used as the counterion, then cations are soluble in THF, Et2O, and 
sparingly soluble in PhMe.  The 
1
H NMR spectrum of [(CpCo)2(pdt)]
+ 
contains a broad peak 
centered near -6.5, attributed to the Cp rings.  Signals corresponding to the pdt bridge in 
[(CpCo)2(pdt)]
+ 
were unable to be located.  Investigation of [(Cp′Co)2(pdt)]
+
 by EPR reveals a 
species where the unpaired electron is shared equally between the two cobalt centers.  This is 
evident by a symmetrical spectrum displaying coupling to an equivalent Co centers with 
parameters of g = 1.966 and A = 54.84 MHz.  The EPR spectrum is reasonably well simulated 
with close fitting parameters (g = 1.964, A = 51.23) (Figure 5.15).   Spectral data on the EPR of 
[(CpCo)2(SMe)2]
+
 present in the literature lists a g value of 2.120.  However, the reported EPR 
signal of [(CpCo)2(SMe)2]
+ 
is too broad to report any coupling constants.
33
 
 
Figure 5.15  EPR of [(Cp′Co)2(pdt)]
+
 in CH2Cl2 at 298 K (black) with an overlay of the 
simulated spectra (red). 
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5.3.3  Protonation and pKa Determination of Dicobalt Complexes. 
 The dicobalt(II) dithiolates (CpCo)2(xdt) protonate forming the corresponding cationic 
hydride derivatives.  Isolated as their BF4
-
 salts, these compounds are green, air-sensitive solids 
that dissolve well in methylene chloride but are poorly soluble in THF, ether, and hexane.  When 
the protonation of (CpCo)2(pdt) (5.4) was monitored by low temperature (-50 °C) 
1
H NMR 
spectroscopy no intermediates were observed.  The hydride complexes exhibit simple 
1
H NMR 
spectra, consistent with symmetrical structures and diamagnetism.  The hydride signals appear in 
the range of δ -13 to -16 for aliphatic dithiolates, but near δ -7 for [(CpCo)2(tdt)(μ-H)]BF4.   
  In contrast to many of the related [Fe2(xdt)(L)6(μ-H)]
+
, [(CpCo)2(xdt)(μ-H)]
+
 quickly and 
cleanly deprotonate to yield the corresponding neutral derivatives.  For example, treatment of 
[(CpCo)2(pdt)(μ-H)]
+
 ([H5.4]
+
) with one equiv of NEt3 (pKa
MeCN
 = 18.8) yielded 5.4 cleanly by 
1
H NMR analysis within five minutes.   We initially attempted to determine the pKa values of 
Co2 complexes in MeCN.  However, while the neutral Co2 species are stable in MeCN, the 
bridging hydride species are not.  Over a period of several hours, solutions of [H5.4]
+
 were found 
to convert to 5.4 as well as small amounts of unidentified species.  Investigation by ESI-MS
+
 
mass spectroscopy suggests species of higher order nuclearity as evidenced by multiple peaks 
with m/z between 600-700, suggesting tetranuclear Co complexes.  Thus, further pKa analysis 
was undertaken in CD2Cl2 solution, where both the neutral and hydride containing species are 
known to be stable.  However, many BF4
-
 salts of pyridinium and anilinium acids are insoluble in 
CD2Cl2, therefore they were converted to the corresponding BAr
F
4
-
 salts.  Further investigation 
using a series of weak acids resulted in elucidation of pKa values of the Co2 species (Table 5.4).  
Adding a slight excess of an acid that will only partially protonate allows one to calculate the pKa 
value of the metal complex according to Equation 1. 
 
Equation 1  Required Calculations of pKa Values. 
Very few references are available on pKa values of bridging FeFe hydride species; 
however some pKa values have been determined.(ref)  Previous work in our lab determined the 
pKa values of bridging hydrides for a series of borane capped dicyanide species 
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Fe2(pdt)(CO)4(CNBR3).  While the basicity was found to change based on the identity of the 
borane, values ranged between 10.8 and 13.5.
15
  Furthermore, the Ott group estimated the 
pKa
MeCN
 of Fe2(adt
Bn
)(CO)4(PMe3)2 to be 15 for protonation at the bridging Fe-Fe position.
36
  
These values correlate well with what is observed in (Cp
R
Co)2(xdt). 
 A comparison of pKa values as a function of thiolate linker is unavailable for Fe2 systems.  
However, such a comparison has been undertaken for models of NiFe-H2ase.
37
  A series of 
complexes of the form Ni(dRpe)(xdt)Fe(CO)3 (where dRpe = dppe or dppc; xdt = edt, pdt) were 
recently synthesized and studied in our lab.  It was found that changing the edt linker for a pdt 
linker in Ni(dppe)(xdt)Fe(CO)3 resulted in a 0.5 pKa unit difference (edt = 11.3, pdt = 10.8).  
Analysis of Ni(dcpe)(edt)Fe(CO)3 Replacing the dppe ligand for dcpe resulted in a pKa value of 
13.6, which is similar to the effect seen when substituting Cp′ for Cp in these Co2 systems. 
 
Table 5.4  pKa Values for Co2 Hydrides. 
Species pKa 
[(CpCo)2(edt)H]
+
, [H5.3]
+
 11.2 ± 0.2 
[(CpCo)2(pdt)H]
+
, [H5.4]
+
 11.8 ± 0.2 
[(Cp′Co)2(pdt)H]
+
, [H5.4a]
+
 13.2 ± 0.2 
[(CpCo)2(tdt)H]
+
, [H5.5]
+
 10.5-14 
 
5.3.4  Redox Properties of the Hydrides. 
The redox properties of the hydride salts are summarized in Table 5.5.  In comparison 
with the parent dithiolates, such as (CpCo)2(pdt), which are readily oxidized, the hydrides are 
prone toward reduction.   The reductions are reversible, with an |ipc/ipa| > 0.9 when scan rates are 
varied from 25 mV/s to 500 mV/s.  Notably, the reductions occur at relatively mild potentials of 
-950 mV to -100 mV.  Attempted chemical reduction and isolation of the reduced hydride was 
unsuccessful, yielding only the neutral, unprotonated precursor.   
Several electrochemical trends are notable.  As seen in other metallocenes and 
metallocene-like complexes, the introduction of methyl groups shifts the reduction to more 
negative potentials, for both the neutral and hydride containing species.  The shift of 80-90 
millivolts for [(CpCo)2(pdt)(μ-H)]
+/0
 vs [(Cp'Co)2(pdt)(μ-H)]
+/0
 matches the difference between 
the couples [(CpCo)2(pdt)]
0/+
 and [(Cp′Co)2(pdt)]
0/+
.   
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Figure 5.16  CV of [(CpCo)2(pdt)(μ-H)]BF4 ([H5.4]
+
) and [(Cp'Co)2(pdt)(μ-H)]BF4 ([H5.4a]
+
). 
Conditions: 1 mM analyte in 100 mM [Bu4N]PF6 electrolyte in CH2Cl2 solution. Scan rate = 100 
mV/s. 
 
Table 5.5  Redox Potentials and Associated Electrochemical Data (Recorded at 100 mV/s) for 
Salts of Dicobalt Complexes (1 mM) in [Bu4N]PF6 Electrolyte (100 mM CH2Cl2 Solution). 
Compound E½, mV ([(CpCo)2(xdt)(μ-H)]
+/0
) |ipc/ipa| 
[(CpCo)2(pdt)(μ-H)]BF4 ([H5.4]
+
) -950 0.96 
[(Cp'Co)2(pdt)(μ-H)]BF4 ([H5.4a]
+
) -1033 0.88 
[HFe2(pdt)(CO)4(PMe3)2]BF4  -1100 
a 
[(CpCo)2(pdt)(t-H)CO]BF4 ([H5.4CO]
+
) +175 
b 
a
Data from reference.
38
 
b
Anodic potential for irreversible oxidation. 
 5.3.5  CO Adducts of Hydrides. 
The diphosphido hydrides [(CpCo)2(PR2)2(μ-H)]
+
 have been shown to bind a variety of 
Lewis bases, including P(OPh)3, PMe3, and CO.  In this conversion, the hydride shifts from a 
bridging position to a terminal position (Scheme 5.7) based on a shift of the hydride NMR signal 
to ~10 units downfield.  Upon exposure of a solution of [H5.4]BF4 to an atmosphere of CO, new 
intense bands, assigned to CO, appear at 1959 cm
-1
 and 2024 cm
-1
 (Figure 5.17).  The 
1
H NMR 
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spectrum of the solution shows a Cp signal  4.45.  While the 1H NMR suggests that only on 
species exists in solution, two carbonyl bands are present in the IR, implying the presence of two 
species.  It is possible that two geometrical isomers are quickly interchanging in solution, as IR 
operates on a faster time scale than NMR (Scheme 5.12). 
 
 
Figure 5.17  IR spectrum of the reaction of [H5.4(CO)]BF4 with CO in CH2Cl2 solution. 
 
 
Scheme 5.12  Formation of CO adduct of [(CpCo)2(pdt)(μ-H)]BF4 and possible geometric 
isomers. 
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Figure 5.18  
1
H NMR spectra for various stages in the addition of CO to [(CpCo)2(pdt)(μ-H)]
+
 to 
form [(CpCo)2(pdt)(CO)(t-H)]
+
.  Reaction was conducted in a J. Young tube pressurized with 
CO gas.   
 
 As both a terminal and bridging hydride species of (CpCo)2(xdt) were synthesized, we 
sought to explore their electrochemical differences.  For compounds of the form 
Fe2(xdt)(PR3)4(CO)2(H) the terminal hydrides reduce at 200 mV less negative potentials than the 
isomeric bridging hydride species.
39
  While the bridging hydride and terminal hydride Co2 
complexes are not isomeric, the effect of moving the hydride from a bridging to a terminal 
position will still have an effect on the reduction potential.  However, it was found that the 
addition of CO and the formation of [(CpCo)2(pdt)(t-H)(CO)]
+ 
greatly altered the 
electrochemical behavior from the corresponding hydride species.  When the electrochemistry of 
[(CpCo)2(pdt)(t-H)(CO)]
+ 
 was explored under an atmosphere of CO, the new voltammogram 
was unrelated to the cyclic voltammogram of the hydride species.  The reduction event observed 
in [(CpCo)2(pdt)(μ-H)]
+
 is no longer present in the CO adduct, and instead an irreversible event 
is observed near the Fc couple.  However, the addition of Fc* to [(CpCo)2(pdt)(t-H)(CO)]
+
 did 
not produce any change in the FTIR.   
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Figure 5.19  CV of [(CpCo)2(pdt)(μ-H)]
+
 and the corresponding CO adduct.  Blue trace was 
performed under CO.  Conditions: 1 mM analyte in 100 mM [Bu4N]PF6 electrolyte in CH2Cl2 
solution. Scan rate = 100 mV/s. 
 
5.4  Conclusions. 
In conclusion, a variety of complexes containing Co have been synthesized and their 
reactivity explored.  The complex CpCo(CO)(PFc
#Et2) (5.1) was found to generate a modest 
amount of hydrogen in the presence of excess acid, but degradation to CpCo(CO)2 and 
[CpCo(PFc
#Et2)2]
+
 prevents 5.1 from being an effective catalyst.  Future work on this system 
could go in a number of directions.  Implementing methylated Cp rings may allow for greater 
separation in the redox events of the Co center and the ligand center.  Additionally, incorporating 
a pendant base to the cyclopentadienyl ring would allow for a hydride and proton to exist in a 
short contact to one another, encouraging elimination of H2. 
The synthesis of several (CpCo)2(xdt) systems has been accomplished, and the acid/base 
and redox properties of these systems has been investigated.  On the basis of oxidation potentials 
and pKa values, (CpCo)2(pdt) resembles Fe2(pdt)(CO)4(PMe3)2.  However, the electrochemical 
behavior of these Co complexes is much more reversible than in the analogous Fe systems.  The 
work demonstrates the flexibility of the synthetic methods for generating active site mimics of 
the two bimetallic hydrogenases.   
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Certain generalizations are possible with the new data.  As in symmetrical 
Fe2(xdt)(CO)4(PR3)2 complexes, we were unable to detect a terminal hydride for the protonation 
of (CpCo)2(pdt).  The pKa’s of [(CpCo)2(S2CnH2n)(μ-H)]
+
 were determined, owing to the facile 
deprotonation of the hydride species.  The fact that Co systems are more easily deprotonated than 
Fe systems could be attributed to steric factors, as the presence of bulky phosphine ligands in Fe2 
systems could prevent the approach of base to the bridging hydride. Replacement of Cp with Cp′ 
led to more negative oxidation potentials of both the neutral and hydride species.  Shifts of 100 
mV were noted when the Cp rings were replaced with Cp′.  Additionally, the (Cp′Co)2(pdt) was 
shown to be a weaker base than (CpCo)2(pdt), due to an increase in electron density from the Me 
group in Cp′.  As Fe2 models have found greater success when substituted with 3 or 4 
phosphines, continuing to increase the electron density at Cp (for example with Cp
#
 or Cp*) may 
lead to better electronic mimics of the [FeFe]-H2ase active site.  The increase in electron density 
from Cp# or Cp* would result in higher pKa’s, presumably lower overpotentials during 
electrocatalysis, and the possibility of generating a terminal hydride, similar to [FeFe]-H2ase 
models.  However, either a degree of asymmetry or a bulky Cp ring to prevent fast isomerization 
may need to be introduced in order to observe terminal hydrides. 
 
5.5  Experimental. 
 Experimental methods have been described in previous chapters.  The compounds 
[H(Et2O)2]BAr
F
4,
40
 and Cp′Co(CO)2
41
 were prepared according to literature procedures.  EPR 
spectra were recorded using a Varian E-line 12” Century Series X-band continuous wave 
spectrometer.  EPR simulations were carried out using the program EasySpin. 
Hydrogen Evolution Experiments.  Within a nitrogen filled glovebox, a 7.5 mL GC vial 
is charged with CpCo(CO)(PFc
#Et2), followed by the appropriate mass of [H(OEt2)2]BAr
F
4, Fc* 
and a triangular stir bar.  A septum is affixed and wired down with copper wire and the vial is 
brought out of the box, and cooled to -15 ± 2.5 °C using a salt/ice bath.  Simultaneously, 1.0 mL 
of dry CH2Cl2 and either 60 or 100 μL of methane (internal standard) are added, and grease is 
applied at the needle puncture site.  At designated timepoints, grease was removed, 500 μL of 
headspace was withdrawn, and grease reapplied.  In the event that multiple samples of headspace 
were removed and tested, the hydrogen output and methane standard were recalculated to 
account for losses during previous GC analysis.  
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CpCo(CO)(PFc
#Et2) (5.1).  A 100-mL Schlenk flask was charged with 150 mg of PFc
#Et2 
(0.37 mmol) and 50 μL of CpCo(CO)2 (0.37 mmol).  The mixture was converted to a solution by 
addition of 30 mL of PhMe, which was refluxed and monitored by FTIR.  After 24 hr, solvent 
was removed under vacuum, and the product dissolved into Et2O and passed through a short 
silica plug.  Concentration of Et2O and the addition of an equivalent amount of Et2O lead to the 
formation of dark crystals at -35 °C.  Yield 115 mg (56%).  
1
H NMR (CD2Cl2):  δ 4.57 (s, 5H), 
3.16 (d, 1H), 2.69 (s, 2H), 1.83 (s, 6H), 1.76 (s, 6H), 1.70 (s, 6H), 1.64 (s, 6H), 1.60 (m, 2H), 
1.47 (m, 2H), 1.05 (m, 6H).  
31
P{
1
H} NMR (CD2Cl2):  δ 60.85 (s) IR (CH2Cl2, cm
-1
): 1905 
CpCo(CO)(PFc
#Et2)(H), (H5.1).  The addition of [H(Et2O)2]BAr
F
4 to a sample of 
CpCo(CO)(PFc
#Et2) resulted in an immediate color change from red to black.  
1
H and 
31
P{
1
H} 
NMR suggested the formation of paramagnetic species, while FTIR suggested the formation of a 
hydride, as well as the presence of CpCo(CO)2.  
1
H NMR (CD2Cl2):  -12.3 (H, Co-H, broad).  δ 
31
P{
1
H}NMR (CD2Cl2):  δ 60.5 (s), 54.5 (br), 34.8 (br). IR (CH2Cl2, cm
-1
): 2061 
CpCo(CO)(PCy3), (5.2). A 100-mL Schlenk flask was charged with 1.3 g of PCy3 (4.6 
mmol) and 500 μL of CpCo(CO)2 (3.7 mmol).  The mixture was converted to a solution by 
addition of 50 mL of PhMe, which was refluxed and monitored by FTIR.  After 19 hr, the 
reaction was judged complete, and the solvent removed under vacuum.  The residue was washed 
with 50 mL of hexanes, and then dried overnight.   Yield 814 mg (25%).  
1
H NMR (CD2Cl2):  δ 
4.74 (s, 5H), 1.91-1.25 (m, 40H).  
31
P{
1
H} NMR (CD2Cl2):  δ 76.05 (s). IR (CH2Cl2, cm
-1
): 1901 
CpCo(CO)(PCy3)(H), (H5.2). A J. Young tube was charged with 10 mg of 
CpCo(CO)(PCy3) and 23 mg of [H(Et2O)2]BAr
F
4.   Addition of 0.70 mL of CD2Cl2 resulted in an 
immediate color change from red to yellow.  
1
H NMR (CD2Cl2):  δ 4.44 (s, 5H), 1.92-1.15 (m, 
40H), -12.14 (d, 1H).  
31
P{
1
H} NMR (CD2Cl2):  δ 84.66 (s) IR (CH2Cl2, cm
-1
): 2056 
(CpCo)2(edt), (5.3).  A solution of solution of CpCo(CO)2 (0.5 mL, 3.75 mmol) in 50 
mL of toluene was treated with 1,2-ethanedithiol (157 μL, 1.88 mmol). The red solution was 
heated to reflux in a 120 °C oil bath, and the progress of the reaction was monitored by IR 
spectroscopy, for loss of CpCo(CO)2 bands at 2023 and 1960 cm
-1
. After 20 h, the solution had 
changed color from red to brown. The solvent was removed under vacuum, and the product 
extracted with pentane.  The pentane washings were passed through a pad of Celite, yielding a 
green solution.  The pentane solution was evaporated to dryness under vacuum, yielding a green 
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solid.  Yield: 157 mg (25 %). 
1
H NMR (500 MHz, CD2Cl2): δ 4.87 (s, 10H, C5H5), 1.29 (s, 4H, 
SCH2CH2S).  
 (CpCo)2(pdt), (5.4).  A solution of CpCo(CO)2 (1.0 mL, 7.5 mmol) in 50 mL of toluene 
was treated with 1,3-propanedithiol (375 μL, 3.75 mmol).  The red solution was heated at reflux, 
and the progress of the reaction was monitored by IR spectroscopy, for loss of CpCo(CO)2 bands 
at 2023 and 1960 cm
-1
.  After heating for 16 h, the solution had changed color from red to green 
and no carbonyl peaks were detected in the IR spectrum.  The solvent was removed from the 
cooled reaction mixture.  The product was extracted into hexanes and this extract was filtered 
through a pad of Celite to yield a green solution.  Removal of solvent yielded a green solid. 
Yield: 448 mg (34%).  
1
H NMR (500 MHz, CD2Cl2, room temperature): δ 4.87 (s, C5H5), 1.29 
(s, SCH2CH2), 1.17 (s, SCH2).  FD-MS: m/z 354.  Anal Calcd for C13H16Co2S2 (found): C, 44.1 
(44.02); H, 4.55 (4.48). 
(Cp′Co)2(pdt), (5.4a).  A solution of Cp′Co(CO)2 (300 μL, 2.0 mmol) and 1,3-
propanedithiol (100 μL, 1.0 mmol) in 40 mL of toluene was heated at reflux in a 120 °C oil bath, 
and the progress of the reaction was monitored by IR spectroscopy, for loss of Cp′Co(CO)2 
bands at 2023 cm
-1
 and 1960 cm
-1
.  During the course of the reaction, the solution color changed 
from green to red.  The reaction was judged to be complete after 41 h, at which point the toluene 
was removed under vacuum.  The product was extracted with 100 mL of pentane and this 
solution was passed through a pad of Celite.  Removal of solvent yielded the green product.  
Yield: 156 mg (41%).  Cooling a concentrated solution to -30 °C resulted in the formation of 
green crystals suitable for X-ray diffraction.  
1
H NMR (500 MHz, CD2Cl2): δ 4.90 (t, 4H, CpH), 
4.57 (t, 4H, CpH), 1.86 (s, 6H, CpCH3), 1.31-1.23 (br, 6H, CH2CH2CH2).  Anal Calcd for 
C15H20Co2S2 (found): C, 47.13 (47.08); H, 5.27 (5.39). 
(CpCo)2(tdt), (5.5).  A solution of CpCo(CO)2 (450 μL, mmol) in 70 mL of toluene was 
treated with toluene-3,4-dithiol (265 mg, mmol).  The red solution was heated to reflux in a 
120°C oil bath, and the progress of the reaction was monitored by IR spectroscopy, for loss of 
CpCo(CO)2 bands at 2023 and 1960 cm
-1
.  After 20 h, the solution had changed color from red to 
dark purple.  The solution was filtered, and the remaining brown residue was washed with 
toluene to remove any undissolved product.  The purple extract was evaporated and the residue 
was re-extracted, this time into 100 mL of pentane.  The pentane extract was concentrated to 10 
mL, and the concentrate was cooled to -20 °C, resulting in crystallization of blue crystals.  Yield: 
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366 mg (54%).  
1
H NMR (500 MHz, CD2Cl2): δ 6.465 and 5.955 (s, 3H, Phenyl CH), 5.119 (s, 
10H, C5H5), 1.813 (s, 3H, CH3).  Anal Calcd for C17H16Co2S2 (found): C, 50.75 (50.69); H, 4.01 
(3.95). 
 [(CpCo)2(edt)(μ-Η)]BF4, (H5.3).  A solution of (CpCo)2(edt) (24 mg, 59 μmol) in 20 
mL of CH2Cl2 was treated with one equiv of HBF4•Et2O (10 μL 54% wt/v, 59 μmol). The 
solution stirred for ten minutes, and then it was concentrated to dryness under vacuum.  The 
resulting brown solid was recrystallized from dichloromethane and hexanes.  
1
H NMR (CD2Cl2): 
5.551 (s, C5H5), 2.621 (s, SCH2CH2S), -15.641 (s, Co-H-Co).   
 [(CpCo)2(pdt)(μ-Η)]BF4, (H5.4).  A solution of (CpCo)2(pdt) (100 mg, 0.28 mmol) in 
10 mL of CH2Cl2 was treated with one equiv of HBF4·Et2O (50 μL 54% wt/v, 0.28 mmol).  The 
solution stirred for 20 min., and then it was concentrated to dryness under vacuum to yield a 
green solid.  Yield: 111 mg (89%).  
1
H NMR (CD2Cl2): δ 5.54 (s, 10 H, C5H5), 2.15 (s, 12.11 H, 
SCH2CH2CH2S), -13.28 (s, 1.52 H, Co-H-Co).  Anal Calcd for Co2S2C13H17BF4 (found): C, 
35.32 (34.76); H, 3.88 (4.07). 
[(CpCo)2(pdt)(μ-D)]BAr
F
4.  A solution of 34 mg of (CpCo)2(pdt) (95 μmol) and 84 mg 
of [Na]BAr
F
4 (95 μmol)in 10 mL of CH2Cl2 was treated with a solution of DCl in 1 M Et2O (95 
μL, one equiv). The solution stirred for twenty minutes, and then it was filtered through celite 
and concentrated to dryness under vacuum to yield a green solid.  Yield 82 mg ( %).  
1
H NMR 
(CD2Cl2): δ 7.71 (s, H), 7.55 (s, H), 5.48 (s, 10 H, C5H5), 2.08 (s, 12.11 H, SCH2CH2CH2S).  A 
small peak is visible at -13.47 (s, Co-H-Co), which is rationalized by incomplete deuteration of 
the DCl etherate solution.  
[(Cp′Co)2(pdt)(μ-H)]BF4 ,(H5.4a).  A solution of 28.5 mg of (Cp′Co)2(pdt) (74.5 μmol) 
in 10 mL in CH2Cl2 was treated with 12.5 μL (74.5 μmol) of HBF4•Et2O.  The solution was 
stirred for 15 min before the volatiles were removed under vacuum, yielding a green solid.   
Yield: 27.1 mg (77%).  
1
H NMR (500 MHz, CD2Cl2): δ 5.51 (t, 4H, CpH), 5.37 (t, 4H, CpH), 
2.14 (br, 6H, CH2CH2CH2), 1.96 (s, 6H, CpCH3), -13.47 (s, 1H, Co-H-Co).  Anal Calcd for 
C15H21BCo2F4S2 (found): C, 38.32 (38.08); H, 4.50 (4.36). 
[(CpCo)2(tdt)(μ-Η)]BF4, (H5.5).  A solution of (CpCo)2(tdt) (115 mg, 0.3 mmol) in 15 
mL of CH2Cl2 was cooled in an acetone/ dry ice bath and treated with one equivalent of 
HBF4•Et2O (50 μL, 54% wt/v, 0.3 mmol).  The solution stirred for ten minutes, after which time 
it was warmed to room temperature.  The solution was then concentrated to dryness under 
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vacuum, resulting in a green solid that was recrystalized from dichloromethane and hexanes. 
1
H 
NMR (500 MHz, CD2Cl2): 7.091 (s, Phenyl CH), 6.483 (s, Phenyl CH), 5.728 (s, C5H5), 2.112 
(s, CH3), -7.613 (s, Co-H-Co). 
 [(CpCo)2(pdt)(t-Η)(CO)]BF4, (t-H5.4). The complex [(CpCo)2(pdt)(t-Η)(CO)]BF4 was 
prepared in situ previous to studying the complex by bubbling CO through a green solution of 
[(CpCo)2(pdt)(μ-Η)]BF4.  Formation of the carbonyl adduct was accompanied by a change in 
solution color from green to red, as well as the growth of 2 carbonyl bands.   
[(CpCo)2(pdt)]BAr
F
4.  A solution of 500 mg (1.41 mmol) of (CpCo)2(pdt) was dissolved 
into 20 mL of CH2Cl2.  A separate solution of 385 mg of [Fc]BF4 (1.41 mmol) in 40 mL of 
CH2Cl2 was transferred via cannula into the solution of (CpCo)2(pdt).  Then, a separate solution 
of 1.25 g Na[BAr
F
4] (1.41 mmol) in 10 mL of CH2Cl2 was transferred via cannula, and the 
resultant solution stirred for 30 min.  The CH2Cl2 solvent was removed under vacuum, and the 
extract washed with pentane.  The pentane washings were passed through a pad of Celite until 
the washing became clear.  The greenish residue was then extracted with Et2O and passed 
through a pad of Celite until the Et2O washings were clear.  The Et2O filtrate was concentrated to 
dryness under vacuum, resulting in a green solid.  Yield: 928 mg (54 %).   Crystals were grown 
at room temperature by the vapor diffusion of pentane into a solution of Et2O.  However, the 
crystals proved to be too small for diffraction.    
General Synthesis of BH[BAr
F
4].  A solution of 1.12 mmol of conjugate base was 
dissolved into 30 mL of MeCN.  Then, 161 μL or HBF4•Et2O was added to the solution.  A 
separate solution of 1.0 g [Na]BAr
F
4 was dissolved into 20 mL of MeCN, and this solution was 
added to the solution of [BH]BF4.  The MeCN was removed under vacuum, resulting in the 
appearance of a white to off-white solid.  The white precipitate was extracted with Et2O (3 x 30 
mL) and filtered though a pad of Celite.  The Et2O was then concentrated to ~10 mL, and then 
layered with 200 mL of hexane and placed in a freezer for several hours as a white crystalline 
solid formed.  The solid was filtered and dried under vacuum.  Yields were generally around 
70%.  
1
H NMR analysis revealed Et2O present in many of the acids, and the additional Et2O was 
accounted for in subsequent protonation experiments.   
General Procedure for determination of pKa values.  Solid (Cp
R
Co)2(xdt) (~5 mg, 10-
15 μmol) and solid [BH]BArF4 (1.1-1.5 equivs) were combined in a J. Young tube.  The tube was 
evacuated on a high vacuum line, and CD2Cl2 was vacuum transferred onto the solids.  The 
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solution was warmed to room temperature and allowed to site for several hours in order to 
equilibrate.  Acid strength was adjusted in the event that no hydride or all hydride was present in 
the tube.  Once an equilibrium mixture of neutral and hydride species was reached, the pKa value 
was calculated based on the ratio of species in solution (see above).  Measurements for each Co2 
complex were repeated at least three times. 
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